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Chapter 1 
General Introduction 
1.1 Rationale 
This main subject of this thesis concerns the neural mechanisms underlying the 
generation of saccades towards auditory, visual and combined audio-visual stim-
uli. Behavioural and electrophysiological studies are described that address neu-
ral processes related to orienting eye movements in a multimodal environment. 
Saccadic eye movements (or 'saccades') are rapid eye movements. They are 
generally made to direct the line of sight towards stimuli that are of interest. The 
saccadic system therefore forms a natural orienting system. 
Most organisms are endowed with several types of senses that provide them 
with information about their surroundings. For humans, and most other mam-
mals, these are classically vision, audition, touch, smell, and taste. Several of 
these modalities (especially vision, audition and touch) contain information as 
to the spatial layout of the environment. Therefore, they can be useful for the 
localization of objects that are of interest. 
In order to build a single representation of space, the various sensory modal-
ities are known to converge at several regions in the brain, such as the Parietal 
Association Cortex and the midbrain Superior Colliculus. This process, which in 
the literature has become known as 'multisensory integration' or 'sensor fusion', 
may be advantageous for an organism, since it can improve the spatial and tem-
poral resolution of target localization. It also poses, however, various problems, 
resulting from the different encoding formats in the different sensory modalities. 
In what follows, a short description of the neural processes related to visual 
localization, auditory localization, sensor fusion, and the generation of saccades 
will be presented. Subsequently, an outline of the research described in this thesis 
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is given. 
1.2 Visual Localization 
The retina consists of a sheet of densely packed photoreceptors and efferent neu-
rons in the eye. Its organization seems optimal to derive spatial information from 
the incoming signals. There is a physical one-to-one relationship between the po-
sition of a target relative to the eye and the position of activity on the retina. 
The light emitted or reflected by the target enters the eye through the pupil, 
is deviated by the eye lens and falls on a specific part of the retina. Thus, the 
retina is topographically organized: different receptors encode different positions 
in space and neighbouring cells are related to neighbouring outside regions. 
In order to acquire a high spatial resolution, one receptor should receive the 
incoming light from only a small region of space. Indeed, the receptive fields 
of those optical nerve fibers that receive projections from the fovea are minute. 
However, to maintain such a high resolution throughout the retina, a massive 
number of receptors would be necessary, not to mention gigantic subsequent visual 
centres, required to process the enormous amount of visual information. Instead, 
the retina contains a small region with a high spatial resolution ( the fovea, or 
area centralis). The receptor density of the surrounding retinal tissue quickly 
drops as a function of the distance from the fovea. The fovea therefore serves 
as a natural center of origin of a roughly rotation symmetric (polar) coordinate 
system. As a result, all visual information is encoded with respect to the fovea. 
It is therefore said to be organized in oculocentric coordinates. In most stages 
of the visual system this reference frame is preserved. Due to the large fraction 
of receptors that lie in the fovea, its projections occupy a relatively large area in 
most visual centers (see Fig. 1.1 for an example). 
To compensate for the loss of spatial acuity in the peripheral retina, the 
eyes are extremely mobile. The extraocular muscles can direct the fovea rapidly 
towards a target ( 'saccadic eye movements') and can keep the eyes on a stationary 
or on a moving target ('pursuit movements'). In order to derive the position of a 
target relative to the body from the oculocentrically represented visual inputs, the 
retinal signal must be processed in subsequent neural stages. More specifically, it 
has to be combined with signals regarding the position of the eyes relative to the 
head, and with signals regarding the position of the head relative to the torso. 
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Figure 1.1: 
The primary visual cortex contains an oculocentric map of the visual field. Each 
half of the visual field is represented in the contralateral hemisphere. Numbers 
indicate corresponding parts in the visual field and their cortical representation. 
Note that about half of the map is devoted to the fovea. Adapted from Mason and 
Kandel (1991) 
1.3 Auditory Localization 
Unlike in the visual system, there is no representation of space at the auditory-
receptor organ, the cochlea. Due to specific mechanical properties of the basi-
lar membrane, cochlear hair cells at specific locations along the membrane are 
activated when sound of a particular frequency enters the ear ( see Fig. 1.2). 
Thus, the cochlear hair cells encode 'sound frequency' in a spatial format 
rather than 'target position'. This so-called tonotopic representation of sound is 
preserved in most subsequent stages of the auditory system. 
Despite this organization, sound position is perceived quite accurately. It is 
derived by the nervous system from various binaural and monaural cues in the 
auditory signal. The most important of these cues are: 
• Interaural Intensity Differences (IID's). When a sound is presented 
outside the midsaggitai plane, its intensity is somewhat higher at the ip-
silateral than at the contralateral ear. This effect is mainly due to the 
acoustic shadow cast by the head. Due to its size, acts as a low pass au-
ditory filter. IID's are therefore prominent cues in the higher frequency 
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Tectorial membrane 
Deflection 
Figure 1.2: 
A: Cross section of the organ of Corti. 
В: Vibration of the basilar membrane re­
sults in the bending of hair cell steri-
ocilia. This bending results in activation 
of the cochlear hair cell. C: Von Békésy 
showed that the mechanical properties of 
the basilar membrane are such, that the 
peak of the wave motion moves progres-
sively toward the base of the cochlea as 
sound frequency increases. Thus, differ-
ent hair cells are activated for different 
sound frequencies. (A and В adapted from 
Miller and Towe, 1979; С adapted from 
Von Békésy, 1960) 
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region ( in humans, above 2 kHz). 
At the level of the brainstem Lateral Superior Olive (LSO), a typical cell 
receives excitatory input from the ipsilateral cochlear nucleus (CN) and 
inhibitory signals from the same frequency band in the contralateral CN 
Auditory Localization 5 
through the Medial Nucleus of the Trapezoid Body ( see Fig. 1.3A). In 
this way, these cells have been shown to possess a sensitivity for IID's of a 
specific frequency. 
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Figure 1.3: 
A: Variation m response of a neuron in the Lateral Superior Olivary Nucleus 
of the cat as a function of intensity differences between the ears. HD is defined 
<w Icontra — Іграг- Different curves indicate various ipsilateral intensities ( solid: 
60 dB; dotted: 50 dB; dashed: 40 dB; dash/dot: 30 dB). Note that the activity 
of the cell changes as a function of IID, irrespective of the absolute intensity. 
The characteristic frequency of this neuron was 31 kHz. Data from Boudreau 
and Tsuchitani (1970). B: Discharge function of an IPD-codmg neuron m the 
Medial Superior Olive of the dog. The characteristic frequency of this cell was 
445 Hz. Data from Goldberg and Brown (1969). 
• Interaural Timing Differences (ITD's). When a sound source is pre­
sented closer to one ear than to the other ear, subtle differences between 
the time of arrival at either ear will occur. By making use of specific delays, 
cells at the Medial Superior Olive (MSO) can detect the interaural phase 
differences (IPD's) for each frequency band ( see Fig. 1.3B). By combin­
ing these IPD's, which by themselves provide ambiguous cues, the absolute 
interaural time difference can be reconstructed. 
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Note that the cell in Fig. 1.3B cell does not code interaural time differences, 
since its activity is modulated periodically as a function of ITD. This is 
because it is impossible to distinguish between phases that differ by one 
period of the incoming sound, which is 2.25 ms in this example. However, 
since every ITD causes a characteristic set of IPD's in the frequency domain, 
ITD's can be extracted at a higher level, such as for instance the Inferior 
Colliculus (1С). 
Spectral Cues. In primates, the ears are positioned symmetrically at the 
lateral sides of the head. Thus, both IID's and ITD's can only encode 
the horizontal component of the position of a target ( sound azimuth). To 
determine the vertical component of target position (sound elevation), the 
brain must use a different cue in the auditory signal. 
2. 3. 5. 
Frequency (kHz) 
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Figure 1.4: 
Head related transfer function of the right ear of the author. Gray levels code the 
relative sound amplitude at the tympanic membrane. Iso-intensity lines are shown 
as a function of sound frequency (abscissa) and elevation of the sound source 
(ordinate). Note, that the intensity of a certain frequency can vary strongly with 
the position of the sound source. 
The outer part of the ear, the pinna, contains a number of irregularly shaped 
convolutions. This pattern results in a characteristic, frequency dependent, 
filtering and amplification of the incident sound waves. Fig. 1.4 shows that 
the shape of this so-called head-related transfer function (HRTF) depends 
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on the direction of the sound source. Thus, any direction of sound causes 
a specific 'fingerprint' in the frequency domain. A prerequisite for using 
these fingerprints for auditory localization is that the amplitude spectrum 
of the sound is sufficiently broad and sufficiently flat ( see also Chapter 3) 
In short, the representation of sound location is a neural computational pro­
cess. In this process the azimuth and the elevation of a sound source are derived 
from different cues and through different neural pathways. Thus, the auditory 
information is encoded in a Cartesian coordinate system. 
Since the ears are more or less immobile ( at least in primates), any auditory 
cue is initially expressed with respect to the head. Note, that this craniocentric 
representation is different from the oculocentric coordinates of the visual system. 
The following table summarizes the major differences that the brain has to 
overcome in order to integrate visual and auditory spatial information. 
Visual 
Auditory 
Reference Frame 
oculocentric 
craniocentric 
Coordinates 
polar 
Cartesian 
Sensory Coding 
topographic 
tonotopic 
1.4 Sensor Fusion in the Superior Colliculus 
The electrophysiological work that is described in this thesis, concerns the deep 
layers of the midbrain Superior Colliculus (DLSC) of the rhesus monkey (maccaca 
mulatta). 
The DLSC are strongly involved in the generation of saccadic eye movements 
(see below) and contain saccade related burst neurons (SRBN's) that are active 
prior to and during saccades (see Fig. 1.5, left panel). 
SRBN's have so-called movement fields. This means that they are recruited 
for saccades within a specific size and direction range ( see Fig. 1.5, right panel). 
The movement fields of cells in the DLSC are orderly arranged so as to form 
a topographic motor map ( Robinson, 1972; Mcllwain, 1982; Ottes et ai, 1986). 
It is generally assumed that the population of SRBN's that is recruited for a 
particular saccade, encodes a desired eye displacement signal. The motor map is 
thus organized in an oculocentric frame of reference. 
The DLSC receive projections from many sensory areas ( e.g. the Primary 
Visual Cortex (VI), the Primary Auditory Cortex (Al) and the Inferior Colliculus 
(1С)), but also from areas where saccade-related activity has been demonstrated, 
such as the Frontal Eye Fields (FEF) and association regions in the Parietal 
Cortex ( see Sparks and Hartwich-Young, 1989 for review) 
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Figure 1.5: 
Left: Temporal discharge pattern of a typical collicular SRBN. Below the posi-
tion traces of the saccadic eye displacements ( ordinate in degrees), each spike 
is represented as a dot, where each row of dots corresponds to a separate trial. 
All saccades shown were made into the center of the movement field of this cell 
( at polar coordinates [20,180] deg). The lower panel shows the spike density as 
a function of time. Right: Fitted movement field of the same neuron for all 
saccades within the oculomotor range. Note that activity decreases gradually as 
the metrics of the saccade deviate from optimum. Data from monkey Sadhu. 
Some cells in the DLSC burst not only in association with a saccade ('motor 
burst') but are also activated by a sensory stimulus ('sensory burst'). The visual 
activity in the colliculus appears to be spatially aligned with the motor activity. 
Thus, a cell that has a visual sensitivity for a given oculocentric position, also 
fires before a saccade toward the position with the same oculocentric coordinates 
(Mays and Sparks, 1980). In fact, the maps in the DLSC resemble a rough copy 
of one half of the retina: they are oculocentric, topographic and with a large 
number of cells dedicated to the parafoveal area. 
More surprising is that the auditory sensory activity that has been found 
in the DLSC is roughly aligned with the visual activity, despite intervening eye 
movements. Topographic representations of auditory space have so far been elu-
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Figure 1.6: 
Visual-Auditory response enhancement in a neuron in the DLSC of an anaes-
thetised cat. Both a visual (V) and an auditory (A) unimodal stimulus evoked a 
weak response in this neuron. However, their combination produced a vigorous 
response on every trial. The mean number of spikes increased by more than ten-
fold. Responses are shown ( top to bottom) in a dotdisplay ( see also Fig. 1.5), 
histograms and as representive examples ( Used with permission from Meredith 
and Stein, 1986a) 
cidated in the DLSC of the cat (Harris et al, 1980; Middlebrooks and Knudsen, 
1984), the guinea pig ( King and Palmer, 1983) the ferret ( King and Hutchings, 
1987), the barn owl (Knudsen, 1982), and the primate ( Jay and Sparks, 1987). 
The latter authors also showed that the auditory representation is better related 
to an oculocentric frame of reference than to a craniocentric system, since the 
auditory receptive fields change with eye position. Thus, at the level of the DLSC 
the visual and the auditory space maps are roughly in register. Recently, simi-
lar findings have been reported for cat DLSC (Peck et ai, 1995). It is generally 
thought that the process of auditory map development is guided by vision (Knud-
sen and Brainard, 1991; Harris, 1986). This typical organization suggests that 
the DLSC may be an excellent candidate for studying the process of multimodal 
integration. 
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Indeed, it has been shown that visual and auditory signals interact at the 
level of the DLSC. The activity of cells in the DLSC of anaesthetised cats can 
change considerably, when a visual and an auditory stimulus are presented si­
multaneously at the same position ( Meredith and Stein, 1986a). Generally, such 
interactions were excitatory, which means that combined audiovisual stimulation 
caused more activity than the largest response to the unimodal visual and audi­
tory stimuli ( see Fig. 1.6). However, a number of cells also displayed inhibitory 
interactions. Recently similar interactions have been shown to occur in awake 
cats ( Peck et ai, 1995). 
Further research (Meredith and Stein, 1986b; Meredith et ai, 1987) showed 
that the interactions are spatially and temporally sensitive. Increasing the dis­
tance between the stimuli in space (Fig. 1.7A) or time (Fig. 1.7B) changed the 
strength of the interactions considerably. 
Recent findings ( Wallace et ai, 1993) have shown that the interactions at the 
DLSC depend on specific cortical inputs. It was shown that a reversible lesion of 
the Anterior Ectosylvian Sulcus (AES) abolished integration in the DLSC, while 
the unimodal signals remained unaffected. The AES projects directly on the 
DLSC in a topographic manner (Wallace et α/., 1991). Interestingly, however, the 
AES does not relay an integrated multimodal signal to the colliculus. Rather it 
sends separate unimodal visual and auditory signals that therefore must interact 
at the level of the DLSC. 
1.5 Saccade Generation 
As was briefly mentioned above, saccades are rapid, goal-directed eye movements. 
They are known to obey more or less stereotyped kinematic characteristics, which 
has been termed the 'main sequence' {от saccades ( Bahill at al, 1975). 
In particular, there is a straight-line relation between the amplitude of a 
saccade and its duration, and a saturating relation between its amplitude and 
peak velocity (see Fig. 1.8). The velocity of auditory evoked saccades has been 
reported to be considerably slower than their visual counterparts ( Zambarbieri et 
ai, 1984). The time between the start of stimulus presentation and the onset of 
the saccade (saccade latency), is in the order of only 120 - 200 ms. Visually evoked 
saccades are very precise, though they tend to undershoot eccentric targets. This 
undershoot of the primary saccade is usually corrected for by a secondary saccade. 
Numerous pathways can lead from sensory stimulation to the generation of a 
saccade. For instance visual information could go directly from VI to the DLSC, 
but could also travel through VI and FEF. 
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Figure 1.7: 
A: Spatial factor in multisensory integration. The visual and auditory receptive 
fields of this bimodal neuron overlap. A visual stimulus (marked by the arrow) was 
presented in combination with an auditory stimulus at each location marked by a 
dot. Their responses are presented as histograms above. Note that the response is 
maximal when both stimuli were within the receptive field. B: Temporal influences 
on response enhancement. In this neuron, the magnitude of the multisensory 
interaction increased as the stimuli approached simultaneity (A=V). V50A = 
visual stimulus occurs 50 msec before auditory etc. Figures used with permission 
from Stein and Meredith, (1993). 
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Figure 1.8: 
Main sequence relations of visually-evoked saccades made by the author. A: Am­
plitude - duration relation. B: Amplitude - Peak Velocity relation. In this figure 
different saccade directions were pooled. 
Furthermore, the DLSC appear not to be essential for saccade generation. 
The FEF do not only project to the DLSC but also to downstream structures, 
thus bypassing the Colliculus. Indeed, a lesion of the DLSC does not abolish 
the generation of saccades, although the immediate effects after a reversible in-
activation by muscimol or lidocaine are quite dramatic. Possibly, the normal 
functioning of the saccade generation requires the DLSC, but when these signals 
are gone parallel pathways may take over. 
Projections of the DLSC reach several nuclei in the brainstem: most notably, 
the Posterior Pontine Reticular Formation (PPRF) that is crucial for the gen­
eration of the horizontal component of the saccade and the rostral interstitial 
nucleus of the medial longitudinal fasciculus (riMLF), that exclusively generates 
the vertical/torsional component. 
It has been proposed that the kinematic properties of saccades are determined 
( 'pulse generation*) at a level upstream from the vector decomposition into sac-
cade components. The mean argument for this so-called 'common-source' model 
is determined by the assumption that the pulse-generation stage a nonlinear pro-
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cess, which is reflected in the main sequence of saccades. The fact that oblique 
saccades are roughly straight can be explained by assuming that the horizontal 
and vertical saccade component generators in the brainstem are driven by one 
common, vectorial, nonlinear pulse-generator ( Van Gisbergen et ai, 1985; see 
however Van Opstal, 1994). 
In this way, the vertical displacement during a saccade must be a continuous 
scaled version of the horizontal component ( Van Gisbergen et α/., 1985). The 
exact role of the DLSC in the dynamical control of saccades is presently under 
continuous debate. Various recent hypotheses include the DLSC inside the lo­
cal dynamic feedback loop for saccade generation ( Droulez and Berthoz, 1991; 
Munoz et ai, 1991; Waitzman et ai, 1991). The experimental evidence is, how­
ever, not unambiguous ( Keller and Edelman, 1994 ; Peck et ai, 1994; Gandhi et 
ai, 1994). 
1.6 Outline 
The experiments that are described in this thesis have increased our knowledge of 
both the oculomotor system and the auditory system of primates. Using saccadic 
eye movements as a natural orienting response to peripheral auditory stimuli, we 
were able to study the early development of an auditory spatial percept as it 
arises within 250 ms after stimulus presentation. 
Moreover, the described study of saccade generation towards auditory targets 
has provided new information on the kinematic properties of saccades, but also 
on the level at which rapid adaptive processes may take place, as well as on the 
putative role of the DLSC in the dynamic control of saccadic eye movements. 
Finally, electrophysiological and behavioural data were obtained in experi­
ments involving orienting to multimodal ( audio-visual) stimuli. Important ad­
ditional data was obtained on this process, which could not have been obtained 
from anaesthetized preparations. This seems an important step towards the study 
of the saccadic system in a more natural setting. 
In the next two chapters of this thesis, experiments are described regarding 
the mechanisms that underlie the generation of saccades toward auditory targets. 
As was made clear above, this requires a transformation of an initially cranio-
centric and tonotopic auditory code expressed in Cartesian coordinates into an 
oculocentric vectorial motor command. In Chapter 2 the influence of the sound 
source spectrum is investigated, as well as variation of the starting position of 
the eyes. 
Chapter 3 goes into further detail as to the kinematic properties of auditory 
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saccades. A quantitative model is proposed that is compatible with the observed 
curved nature of these movements. 
Chapters 4 to 6 involve behavioural experiments on humans, investigating the 
influence of the auditory system on the visual system ( and vice versa) on the 
generation of saccadic eye movements. In C h a p t e r 4 it is shown that adaptive 
changes in the visuo-oculomotor system also affect auditory evoked saccades. A 
large part of this chapter is dedicated to the more general properties of short-
term adaptation. C h a p t e r 5 uses multimodal interactions as a tool to speed 
up the latencies of eye and hand movements in order to investigate their mutual 
coordination. Evidence for two distinct response modes was found. 
C h a p t e r 6 shows that the latency of visually evoked saccades decreases sub­
stantially when a spatially and temporally coincedent auditory stimulus is pre­
sented. This interaction effect gradually decreased when the spatio-temporal 
alignment of these stimuli was changed. 
Finally, in C h a p t e r 7 experiments are described that investigate the effects 
of multimodal interactions in the behavior of saccades made by rhesus monkeys, 
as well as in the firing properties of neurons, that were recorded in the DLSC. 
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Chapter 2 
Auditory-evoked Saccades in 
Two Dimensions: Dynamical 
Characteristics, Influence of 
Eye Position, and of Sound 
Spectrum 
2.1 Introduction 
This chapter concerns the generation of saccadic eye movements towards auditory 
targets. Primates, and in particular humans, are endowed with a well developed 
ability to localize acoustic targets. Psychophysical studies have shown that, under 
optimal conditions, humans can spatially distinguish between two sound sources 
that are approximately 1 deg apart in the frontal plane ( for review: Blauert, 
1983 ). Absolute localization of briefly presented auditory targets is reported to 
be accurate within 3 deg in the horizontal plane (azimuth) and approximately 4 
deg in the saggital plane (elevation) ( Jay and Sparks, 1990). 
It was shown by Heffner and Heffner (1992), that among a wide range of 
mammalian species there exists a strong negative correlation between the size 
of the field of best vision on the retina and sound localization acuity. They 
argued that the presence of a fovea necessitates accurate fixation of targets in 
Adapted From: M.A. Frens and A.J. van Opstal (1994) In: Information Processing 
Underlying Gaze Control Eds: J.M Delgado-García et al. pp. 329-338 
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order to enable visual identification. Thus, foveate animals require more accurate 
information regarding the location of a sound source than species with a broader 
field of best vision. 
Auditory Localization 
In contrast to the visual system, the auditory system has no direct representation 
of the spatial position of a target at the level of its receptor organ, the cochlea. 
In the cochlea the incoming sound is decomposed into its frequency components. 
This results in a tonotopic organization, which is preserved in subsequent neural 
stages up to at least the primary auditory cortex. In order to determine the spa-
tial position of a sound source, the auditory system has to rely on a number of 
indirect cues that are present in the auditory signal. In this process the azimuth 
and the elevation of a sound source are processed on the basis of different cues. 
In this way, interaural timing and intensity differences are responsible for sound 
localization in the horizontal plane, whereas spectral cues, obtained through a 
complex direction dependent acoustic filtering by the pinnae, contain informa-
tion about the position of the sound in the vertical direction ( e.g. Kistler and 
Wightman, 1992). One may therefore assume that different neural pathways are 
involved in the localization of sounds in the horizontal and vertical direction. 
It should be noted that, due to the tonotopic organization of the auditory 
pathway, different sound source spectra lead to different activity patterns at this 
level. Of course, sound localization should be independent of this auditory 'finger 
print'. Because of the many ambiguities in the auditory cues, this task may well 
be next to impossible. For every position of a sound source a spectrum can be 
designed that leads to an identical activity pattern in the cochlea (see, however, 
Zakarouskas and Cynader, 1993). 
Because in humans the pinnae are fixed with respect to the head, the local-
ization cues provide a roughly head centred representation of acoustic targets. 
In the barn owl a map of auditory space has been demonstrated at the level of 
the external nucleus of the Inferior Colliculus (Knudsen and Konishi, 1978). In 
mammals, the precise representation of acoustic space appears to be less clear, 
although recently a topographical coding of azimuth has been reported to exist 
in the guinea pig (Binns et al., 1992). 
The head-centred coding of auditory cues poses an additional non-trivial prob-
lem for the audio-oculomotor system. In order to generate an adequate saccadic 
eye movement towards an auditory target, eye motor error (M) has to be deter-
mined. This process requires not only the localization of the sound relative to 
the head (Sh), but also information about the position of the eyes in the orbit 
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(Eh). Mathematically, this problem can be formulated as the simple subtraction 
of two vectors: 
M = Sh - Eh (2.1) 
However, since M , Sh and Eh may be encoded in different formats in the brain 
this computation may be far less trivial from a neural perspective. For example, at 
the level of the deep layers of the Superior Colliculus, saccadic eye movements are 
encoded by an active population of cells in a topographically organized motor map 
(e.g. Robinson, 1972). There is ample evidence that eye position information is 
carried by brainstem neurons as a recruitment/firing rate code (Robinson, 1970), 
whereas the neural representation of auditory space is still unknown. 
O b j e c t i v e 
By measuring saccadic eye movements towards auditory targets we have studied 
the spatial auditory percept as it emerges within the first 250 ms after target 
onset, at a high temporal and spatial resolution. We studied the dynamics of the 
auditory evoked responses and compared them with visual saccades. Furthermore 
we studied the contribution of eye position in the generation of auditory evoked 
saccades (see Eqn(2.1)). 
Part of this work has been presented in abstract form ( Frens et al., 1993). 
2.2 Methods 
In the experiments, human subjects made saccadic eye movements from vari­
ous initial visual fixation points towards auditory targets in complete darkness. 
Subjects were comfortably seated in a sound attenuated room, that was made 
approximately echo free for frequencies above 500 Hz. Head movements were pre­
vented by a head support. The sound stimulus was presented through a speaker, 
that could be positioned by a double-link robot arm anywhere on the surface of a 
virtual sphere with a radius of 90 cm and its centre at the subject's head. Target 
duration was 500 ms in all experiments. Sound intensity at the position of the 
subject was 60 dB (SPL). 
Since the positions of the target were on a spherical surface, the relation 
between the polar coordinates R and Φ of the sound source and its azimuth, H, 
and elevation, V, can be written as: 
Η = arcsin(sin R * cos Φ) ~ R * cos Φ (2.2) 
V = arcsin(sin R * sin Φ) ~ R * sin Φ (2.3) 
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where both coordinate systems are relative to the subject's straight ahead direc­
tion. The approximation holds within 5% for eccentricities up to 35 deg. 
We performed the following experiments: 
• In the spectrum test we presented an auditory target, randomly selected 
from 36 positions ( R = [10, 20, 30] deg; Φ = [ 0, 30, 60...330 ] deg), while 
keeping the initial fixation point at straight ahead (0,0) deg. In different 
experimental sessions, the spectrum of the sounds consisted either of band­
pass filtered Gaussian white noise [ 150 - 20.000] Hz, a 'frequency sweep' 
with an identical amplitude spectrum as the noise, but with a specific phase 
content that provided a 'minimum peak'-signal (Schroder, 1970) or stimuli 
with a harmonic spectrum, having the most prominent component at either 
700, 2000 or 7000 Hz. Higher harmonics were also present in these signals, 
but had an intensity that was at least a factor ten lower. For convenience, 
the latter signals will be, somewhat inaccurately, called 'tones' in the rest 
of this paper. 
• In the eye position test we varied the initial fixation positions in both az­
imuth and elevation (see Fig. 2.4). From each fixation point, two possible 
targets could be presented, that were randomly selected by the computer. 
In this test, broad band noise as well as tone stimuli were used. 
• In a variation of the previous test, the drift test, we introduced a temporal 
gap of one to five seconds between the offset of the fixation spot and the 
onset of the acoustic target. Subjects were instructed to hold their fixation 
at the position of the extinguished fixation spot during the gap. It has 
been shown (Becker and Klein, 1973 ) that under such circumstances the 
eyes drift away from the initial target position. This test was meant to 
investigate whether this drift was incorporated in the eye position signal 
used by the audio-oculomotor system. 
2.3 Results 
Spectral influence on oculomotor responses 
In the spectrum test subjects were required to make saccades towards auditory 
targets in all directions. When the sound source was broad band noise, the ocular 
orienting response was quite accurate. For the four subjects tested, end points of 
primary auditory evoked saccades were quite reproducible in both their azimuth 
component as well as in their elevation, throughout the oculomotor range ( see 
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Fig. 2.IA). The correlation between the target azimuth and primary saccade end 
point azimuth ranged between 0.93 and 0.98. For the elevation components these 
correlations were between 0.87 and 0.92. Linear regression lines had slopes that 
varied from 0.8 to 1.1 for azimuth and from 0.6 to 1.0 for elevation, whereas 
offsets deviated less than 1.5 deg from 0. 
When, on the other hand, we presented stimuli with a harmonic spectrum 
('tones'), responses dramatically failed to match target elevation, whereas the 
detection of target azimuth remained as accurate as under the noise condition 
(Fig. 2.IB). Noteworthy, the vertical components of the saccades towards the 
applied tones was not random, but rather were confined to a narrow elevation 
range. The width of this range was about as large as the typical scatter in end 
point elevation of saccades made to noise targets ( i.e. in the order of 2.5 deg). 
The elevation of the saccadic end points did not correlate well with the elevation 
of the target. For all tested source frequencies these correlations did never exceed 
0.16. 
Furthermore, the vertical saccade component in the tone conditions appeared 
to be frequency dependent. The elevation component of the saccades towards the 
7 kHz tone was for all subjects in the order of 5 deg higher than for responses 
towards the 700 Hz tone, though the amplitude of these components varied from 
subject to subject. Especially for targets that had a relatively small azimuth 
component this frequency dependence had a strong influence on the metrics of 
the resulting saccade. For instance, in subject JO, a sound at (ΙΙ,Φ) = (10,60) 
deg could typically elicit a saccade to (5,0) deg, when the sound frequency was 
700 Hz. In contrast, a frequency of 7 kHz would evoke saccades with endpoints 
at (7,45) deg. Note that in both cases the horizontal component of the response 
matches target azimuth. 
A second aspect of the contribution of spectral cues to auditory evoked ori­
enting was studied by presenting our subjects a 'sweep'-stimulus (see Methods). 
Such a sound did not appear to be a sufficient stimulus for correct elevation de­
tection. Although an identical acoustic amplitude spectrum has been provided 
within 20 ms., i.e. well within the latency period of a saccade ( which is typically 
about 100 - 180 ms., such broad spectral information could not elicit the same 
responses as to the broad band noise signal, having random phase. In contrast, 
saccadic responses were as under tone-conditions, having elevation components 
within a narrow range ( data not shown). 
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Figure 2.1: 
A: 36 Saccadic responses of subject JO towards broad band noise targets (left 
panel) throughout the oculomotor range (see text). The right-side paneL· show 
the relation between target azimuth and saccade azimuth (upper panel) and target 
elevation and saccade elevation (lower panel). Linear fits are plotted through the 
data (N=72). Note the larger scatter гп the vertical end points, compared to the 
horizontal end points. B: Same graphs for responses towards a tone stimulus of 
700 Hz. 
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Dynamics of auditory evoked saccades 
We noted that saccades directed towards auditory targets had markedly differ­
ent trajectories than saccades with similar overall directions, that were visually 
driven. In contrast to saccades towards visual targets, auditory-evoked oblique 
saccades were often considerably curved (see Fig. 2.2), due to a vectorial veloc­
ity profile that was often double-peaked. We wondered whether these dynamical 
properties reflect the fact that the position of a sound source is not initially coded 
as a vector in polar coordinates (like a visual stimulus), but that its azimuth and 
elevation are processed by separate pathways (see Introduction). Therefore, we 
analyzed the dynamics of the horizontal and vertical saccade components sepa­
rately. 
As an example we will present the results obtained from subject JO, that are 
qualitatively the same as the results of the other subjects. In our analysis we will 
compare the dynamics of auditory-evoked saccades to noise targets, with visually 
driven saccades towards the same positions. 
A requirement for saccades to be straight, is that the horizontal and vertical 
components of the saccade start synchronously, have their peak velocity at the 
same moment and have an equal duration (Van Gisbergen et al., 1985). Our 
data suggest that these requirements are not met as precisely for auditory evoked 
saccades than for visually driven eye movements. In subject JO the correlation 
between the duration of the horizontal component and the vertical component 
was 0.90 for visually driven movements, but only 0.56 for auditory saccades. Also, 
the time required by each component to reach peak velocity ( relative to vectorial 
saccade onset) correlated more strongly under visual conditions (r = 0.53) than 
under auditory conditions (r = 0.20). In about 90% of the auditory saccades the 
horizontal component reached its peak velocity before the vertical component, 
resulting in trajectories that were initially curved towards the horizontal axis. 
Strikingly, the main sequence behaviour (Bahill et al., 1975) of the auditory 
saccades displayed fundamental differences with visual saccades.1 For visual sac-
cades it is known that there is a linear relation between saccade amplitude and 
duration. Since the duration of the separate components is equal to the duration 
of the total saccade (see above), component duration is a function of vectorial 
amplitude (Van Gisbergen et al., 1985; Fig. 2.3B, right hand panel). As can 
be seen in Fig. 2.3B (left side) this is not the case for auditory evoked saccades. 
Component duration is a function of component amplitude (Fig. 2.ЗА, left). Also 
the saturating relation between amplitude and maximum velocity was uniquely 
determined at component level for auditory saccades ( Fig. 2.3C, left), irrespec-
1
 These differences will be addressed extensively and in a more general way in Chapter 3 
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Figure 2.2: 
Typical example of a curved auditory evoked saccade in two dimensions. Upper 
left panel shows the time course of the horizontal and vertical component of the 
saccade. In the upper right panel its strongly curved trajectory is shown. It can 
be seen in the lower left graph that the horizontal and vertical components reach 
their maximum velocities at different moments. This results in the double-peaked 
vectorial velocity profile (lower right graph). 
tive of saccade direction. In agreement with the findings of Van Gisbergen et 
al. (1985), the maximum velocity of the components of visually- evoked saccades 
was strongly direction dependent ( Fig. 2.3C, right). 
Effects of eye posi t ion on auditory orienting 
Now that we quantified the influence of target position as well as sound spectrum 
on the accuracy of the eye movements we investigated the influence of initial eye 
position on auditory- evoked saccades. Though the initial eye positions Eh ( and 
therefore the required saccade M , see Eqn.(2.1)) was varied considerably in the 
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Figure 2.3: 
This graph shows properties of saccades made by subject JO to auditory (left pan­
els) and visual targets (right panels). For illustrative purposes, only horizontal 
components of oblique saccades in three direction-bins [ 0 ± 15 deg (+), 30 ± 15 
deg (*) and 60 ± 15 deg (o)J are shown. Other directions as well as the vertical 
component gave similar results. A: Relation between the size of the horizontal 
component of a saccade and the duration of this component. Note the indepen­
dence of saccade direction for auditory saccades. В: Same duration plotted as a 
function of vectorial amplitude. Note the independence of saccade direction for 
visual saccades ( component 'stretching'). C: Relation between the amplitude of 
the horizontal component and of its peak velocity. Note the independence of sac-
cade direction for auditory saccades. In contrast, peak velocity depends strongly 
on direction for visual saccades according to a cosine relation (see Van Gisbergen 
et ai, 1985). 
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Figure 2.4: 
End point distributions (Mean ± SD) of primary saccades directed to target Τ 
from fixation points F. Dashed lines connect fixation points with corresponding 
means. Data of subject SS (panel A; Τ at (R,$) = (21,180) deg) and subject MF 
(panel Β; Τ at (R,$) = (21,0) deg). Note that subject SS accurately fixates target 
T, whereas subject MF shows a consistent mislocahzation of about ten degrees to 
the right, irrespective of the starting position of the eyes. 
eye position test, we never observed consistent changes in the end point distri­
butions of the primary saccades towards a given auditory target. Irrespective of 
the starting position of the eyes, the auditory evoked saccade was consistently 
directed towards the same spatial position ( see Fig. 2.4A). This was also the 
case when the perceived sound position was consistently different from the actual 
target position (Fig. 2.4B). This spatial invariance for changes in eye position 
was observed for noise stimuli, as well as for tone stimuli, that were only located 
accurately with respect to their azimuth component (see Fig. 2.IB). In the latter 
case the frequency dependent elevation component of the saccadic endpoints (see 
above) was the same for all starting positions of the eyes (not shown). 
In line with earlier reports ( see Methods), the introduction of a temporal gap 
(1, 2 or 5 seconds) between visual fixation offset and auditory target onset caused 
the eyes to drift away slowly from the fixation point position. This phenomenon, 
of which subjects are unaware, is generally ascribed to leakage of the neural ocu­
lomotor integrator in the absence of visual feedback. When the sound appeared, 
the subjects made a goal-directed saccade that took the direction and the am-
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plitude ( that could be up to 8 deg) of the drift completely into account. Thus, 
the endpoint distribution was not different from saccades made in the no-gap 
experiments. 
2.4 Discussion 
In this study it is shown that human orienting movements of the eyes towards 
auditory targets can be accurate in their azimuth as well as in their elevation 
throughout the oculomotor range, provided the sound source is broad band noise. 
This extends the data of Zambarbieri et al. (1982) and Jay and Sparks (1990), 
who measured the accuracy of human auditory evoked eye movements in the 
horizontal plane only. Note, that the extension from azimuth only to the complete 
oculomotor range is an essential one, since the elevation and the azimuth of a 
sound source are supposed to be derived from different cues, and may involve 
different neural pathways. 
We found that if the source spectrum was harmonic, the azimuth distribution 
of the endpoints remained equally accurate, whereas the elevation distribution 
became frequency dependent rather than target position dependent. This latter 
finding is in close agreement with psychophysical data that report similar findings 
for the perception of sound position (e.g. Butler and Helwig, 1983). Furthermore, 
we found that not only the amplitude spectrum puts restrictions on the localiz-
ability of a sound source, but also the phase spectrum. A source with an identical 
amplitude spectrum as the noise, but with a continuously varying non-random 
phase content, did not provide enough information to the auditory system for ac-
curately determining the elevation component. The separate processing of sound 
source azimuth and elevation appeared also to be reflected in the dynamics of the 
ensuing eye movements. We could show that the timing and the main sequence 
characteristics of auditory evoked saccades were manifested at the level of the 
separate saccade components, rather than at a vectorial level, as is known to be 
the case for visually driven saccades. A tentative explanation for this behaviour 
is that the auditory evoked saccades are not encoded as vectors, but that an 
azimuth command and an elevation command are conveyed through independent 
pathways to the (pre-)motor structures. This process results in two temporally 
overlapping saccades, a horizontal and a vertical one. A model in which auditory 
saccades are described as the combination of an 'initial saccade' and a superim-
posed correction movement, however, proved to be more successfull. In Chapter 
3 this latter interpretation is quantitatively elaborated upon. 
We found that varying the starting position of the eyes did not introduce a 
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bias in the end point distributions. This means that the head-centred acoustic 
target code is combined with an accurate representation of the position of the 
eyes relative to the head. The results of the drift experiments indicate that such 
representation of eye position is continuously updated. Note that a compara-
ble experiment with visual targets is not possible, since the target would create 
a retinal error at its onset, and therefore encode the desired eye movement di-
rectly. Thus, the acoustically driven responses provide valuable information on 
the representation and use of non-sensory signals in saccade programming. 
In monkeys it has been found ( Whittington et al., 1981 ) that variation of 
initial eye position did not influence the accuracy of reflexive eye-head movements 
towards auditory targets in the horizontal plane. Our results extend these findings 
to two dimensions. In contrast to our findings, Gellman and Fletcher (1992) have 
suggested that eye position signals in human saccadic processing are inaccurate 
under circumstances that require the combination of visual target position with 
information about eye position. 
The deep layers of the Superior Colliculus of monkeys are thought to contain 
an oculocentric map of auditory azimuth ( Jay and Sparks, 1984). At this level the 
auditory target seems to be represented in a format that is fit for the oculomotor 
system. At present, a similar coding for elevation has not been elucidated. 
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Chapter 3 
A Quanti ta t ive Study of 
Auditory-Evoked Saccadic Eye 
Movements in Two 
Dimensions 
3.1 Introduction 
In this chapter, auditory-evoked saccadic eye movements (auditory saccades, for 
short) are investigated in two dimensions. Specifically, the influence of the acous-
tic spectrum on saccade accuracy is studied. In addition, we will discuss how 
the kinematic properties of auditory saccades may shed more light on the way in 
which these movements are programmed by the audio-oculomotor pathway. 
We have studied human saccadic eye movement responses towards auditory 
stimuli for two main reasons. First, there exist several nontrivial differences be-
tween the representation of targets by the auditory and visual systems, which 
make the auditory system an interesting tool for gaining new insights into the 
programming of saccades. Secondly, auditory saccades may serve as a precise, 
fast, and natural pointer for assessing the processes underlying auditory localiza-
tion. Up to now, the great majority of studies using eye movements for probing 
auditory localization have been limited to the horizontal plane (e.g. Zahn et al., 
1979; Whittington et al, 1981; Zambarbieri et ai, 1981; 1982; Lueck et ai, 1990). 
To our knowledge, the number of studies involving auditory saccades over the full 
Adapted From: M . A . Frens and A . J . van Opsta l (1995) Submitted to Experimental 
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oculomotor range in two dimensions is still very limited (Jay and Sparks, 1990; 
Chapter 2). However, as will be argued below, the extension from the horizontal 
domain to acoustic stimuli presented over the full two-dimensional oculomotor 
range is an essential one, involving a number of nontrivial additional problems. 
Unlike the visual or somatosensory systems, the auditory system has no topo-
graphically organized representation of target position at the level of its sense 
organs. Whereas the position of a visual stimulus relative to the fovea corre-
sponds in a one-to-one fashion to the locus of activity on the retina, cochlear hair 
cells are narrowly tuned to auditory stimuli of a specific frequency, irrespective of 
stimulus location. Due to the mechanical properties of the basilar membrane, the 
acoustic information is tonotopically organized, resulting in a spectral code for 
the auditory system. This tonotopic organization is preserved in the majority of 
subcortical as well as cortical auditory centers (see e.g. Irvine, 1992, and Clarey 
et al., 1992, for an extensive, recent review). 
As a consequence, spatially accurate auditory saccades have to be programmed 
on the basis of implicit cues in this acoustic spectral representation (see below). 
It is therefore conceivable that the spectral content of an auditory stimulus may 
play a role in determining the evoked saccadic response. 
A spatial representation of the acoustic world has to be derived by the auditory 
system from monaural as well as from binaural acoustic cues. It is thus recognized 
that the horizontal component of the auditory stimulus position (target azimuth) 
is extracted on the basis of different cues - and presumably, through a different 
neural pathway - from the vertical component (target elevation). 
Target azimuth is predominantly determined by interaural timing and inten-
sity differences (see e.g. Middlebrooks and Green, 1991). Since in humans the 
pinnae are symmetrically positioned on the head, no changes in binaural differ-
ences result for sound position changes in the vertical direction. However, due 
to the direction-dependent spectral filtering properties of the pinnae, target ele-
vation can be derived on the basis of the resulting monaural spectral cues (e.g. 
Middlebrooks and Green, 1991; Kistler and Wightman, 1992), even when knowl-
edge of the original, unfiltered, sound spectrum is not available (Zakarouskas and 
Cynader, 1993). 
As a result, the auditory localization process is initially performed in a Carte-
sian coordinate system, since separate neural pathways underlie the horizontal 
and the vertical component of the auditory spatial percept. By contrast, retino-
topic maps in the visual system seem to be organized in polar coordinates, re-
flecting the radial symmetry of the retina. 
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Since in humans the pinnae are immobile with respect to the head, the acous-
tic cues provide the auditory sytem with a code expressed in a craniocentric 
frame of reference. Note, that this feature constitutes an interesting additional 
difference with the well-established oculocentric organization of the visuomotor 
system. 
A further difference between saccades evoked by auditory and visual stimuli, 
resides in the fact that the former cannot provide the system with sensory feed-
back during or after the eye movement. It is thus expected that, in the absence 
of visual cues, the audio-oculomotor system is not able to evaluate the accuracy 
of the targeting saccade. We will come back to this point in the Results. 
Previous studies 
Most studies involving auditory saccades have been confined to stimuli and move-
ments in the horizontal plane. In what follows, we will briefly review the available 
literature on the properties of these responses, as far as their timing, accuracy 
and kinematics are concerned. 
Response Latency 
There appears to be a tendency for the latency of horizontal auditory saccades 
to decrease with target eccentricity (Zahn et al., 1979; Zambarbieri et ai, 1981). 
Remarkably, the factor that determines saccade latency is not the eccentricity of 
the target with respect to the head, but rather relative to the fovea. For example, 
shifting the position of the initial visual fixation spot to a different (horizontal) 
position, while keeping the acoustic target stimulus fixed with respect to the 
head, leads to a decrease of the saccade reaction time (Zahn et ai, 1979; Jay 
and Sparks, 1990). By contrast, the latency of saccades to visual stimuli has the 
tendency to increase with target eccentricity relative to the fovea (Kalesnykas 
and Hallett, 1994). 
Response Accuracy 
Though inferior to saccadic responses towards visual targets, the accuracy of 
auditory saccades can be quite high. To our knowledge, the only study which 
has investigated saccade accuracy for randomly presented auditory targets in two 
dimensions is by Jay and Sparks (1990), who report a 'mean error' of about 6 
deg for humans. It is not clear, however, if this error was due to scatter in the 
saccade endpoints, or to systematic mislocalisations of the targets. These authors 
also report that auditory saccades towards horizontal targets are slightly more 
accurate than saccades towards targets in the vertical direction. 
Both Lueck et al. (1990) and Zambabieri et al. (1981) report a first-saccadic 
response amplitude which is only about 65% of the acoustic target eccentricity. 
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Although these data suggest a much poorer performance of the audio-oculomotor 
system than the data of Jay and Sparks (1990), a potentially important difference 
between these studies resides in the applied sounds. Whereas in the latter study 
broad-band noise stimuli were presented to the subjects, the former researchers 
used stimuli with a much more limited amplitude spectrum. As described above, 
the sound spectrum may be expected to exert an influence on the auditory-evoked 
orienting response. 
Studies with macaque monkeys have shown that the accuracy of auditory 
saccades to targets on the horizontal meridian does not depend on the starting 
position of the eyes (Whittington et al., 1981). Recordings in the deep layers 
of the monkey superior colliculus (SC) suggest that the necessary coordinate 
transformation from the initially craniocentric auditory code (see above) into an 
appropriate oculocentric motor command is already complete at this level (Jay 
and Sparks, 1987). 
Saccade kinematics 
Visual saccades obey stereotyped amplitude-duration as well as amplitude-peak 
velocity relationships, which have become known as the 'main sequence' for sac-
cades (Bahill et al., 1975). More recently, these relations have been shown to 
retain their characteristics for saccade vectors in two dimensions (Van Gisbergen 
et al., 1985). 
In two dimensions, the trajectories of human visual saccades are approxi-
mately straight (see for example Fig. 3.6). It has been recognized that this 
property reflects important aspects of the neural organization of the visuomotor 
pathway, because it implies that throughout the saccade the horizontal and ver-
tical components of the eye movement must be scaled versions of each other, and 
hence tightly coupled (see Van Gisbergen et al., 1985, for a theoretical analysis). 
In a later experimental study, it was demonstrated that this argument could also 
be applied for saccades towards remembered visual targets, even though such 
movements are generally slower than visually guided movements (Smit et ai, 
1990). 
It has been repeatedly reported that horizontal eye movements directed at acous-
tic targets are slower and more variable than visually evoked saccades of the same 
amplitude, in the sense that their peak velocity is lower and their movement du-
ration is longer (Zambarbieri et ai, 1981, 1982; Jay and Sparks, 1990). 
As will be demonstrated below (see Results), also in two dimensions auditory 
saccades are less stereotyped than their visual counterparts. First, their spatial 
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trajectories are more curved than visually evoked saccade traces, suggesting a 
weaker coupling between the horizontal and vertical velocity channels. Secondly, 
the velocity profiles are endowed with more variation. Because the auditory 
target position appears to be initially encoded in Cartesian coordinates through 
separate neural pathways (Azimuth-Elevation; see above), we wondered whether 
this property would perhaps be reflected in the trajectories and kinematics of 
auditory saccades. To that means, we have developed a decomposition procedure 
in order to further analyze these movements. 
A preliminary account of the data in this study has been given in Frens and 
Van Opstal (1994). 
3.2 Methods 
Experimental Setup. Experiments were performed in a completely dark, sound 
attenuated room (3x3x3 m), in which walls, ceiling and floor, as well as large 
objects had been covered with acoustic foam that prevented echoes of sound fre-
quencies above 500 Hz. background noise level was approximately 35 dB (SPL). 
Subjects 
Subjects were one female and five male volunteers (21 - 37 years old). All subjects 
were without any known uncorrected visual, auditory or motor disorder, with 
the exception of JO who is amblyopic in his right eye. During the experiment, 
subjects were comfortably seated in a chair. Head movements were restrained by 
a soft support at the back of the subject's head. Viewing was binocular. A sixth 
male subject (AM) participated in the recording of auditory saccades in three 
dimensions (see below). 
Auditory stimuli 
Sound stimuli were delivered through a speaker (Philips AD44725; radius 43 mm) 
that was mounted on a two-joint robot arm, equipped with stepping motors (type 
VRDM5, Berger Lahr). This robot arm enabled rapid positioning of the speaker, 
anywhere on the surface of a virtual sphere with a radius of 90 cm and its center 
at the subject's head. 
Auditory noise stimuli of 500 ms duration consisted of band-pass filtered 
white noise (150 Hz - 20 kHz, Krohn-Hite 3343), generated by a noise-generator 
(Hewlett Packard HOI-3722a). The slight deviations of the speaker's frequency 
response from a flat amplitude spectrum were not corrected for. Tone stimuli 
(0.5, 1.0, 2.0, 5.0 and 10 kHz) and short-duration noise bursts (see below) were 
generated by a PC-80486, equipped with a D/A converter (Data Translation 2821 
board). The first 5 ms and the last 5 ms of the tone signals were smoothed with 
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a sine-shaped filter (250 Hz), that masked sudden on- and offsets of the stimulus. 
The noise bursts had a 1 ms rise and fall time. All sound stimuli were amplified 
(Luxman 58A) to about 60 dB (SPL) at the position of the subject's head. 
Visual stimuli 
Visual targets were red LEDs (radius 2.5 mm, subtending 0.2 deg as viewed from 
the subject), mounted on an acoustically transparent wire frame that constituted 
a half-sphere just proximal to the working range of the robot. The distance 
between the LEDs and the subject was 85 cm. The applied intensity was 0.15 
cd • m - 2 . 
Measurements 
The horizontal and vertical components of the position of the right eye were 
measured by means of the scleral coil technique (Collewijn et ai, 1975). Two sets 
of horizontal and vertical coils, attached along the edges of the room, generated 
the magnetic fields. In this way, the measuring apparatus caused no acoustic 
reflections. The spatial resolution of this method was better than 0.5 deg over 
the entire oculomotor range. 
In one experimental session we recorded eye movements in three dimensions, 
by applying the dual scleral coil technique described in Collewijn et α/., 1985. 
Details of the method for absolute calibration of this eye-coil system are fully 
described in Hess et ai, 1992. 
Data acquisition as well as the timing of the stimulus events were both 
controlled by a PC-80386, equipped with a data-acquisition board (Metrabyte 
DAS16) and a digital I/O card (Data Translation 2817). This computer commu­
nicated through its parallel port with the PC-80486, that controlled the robot 
with the speaker. The sampling rate was 500 Hz for each eye position channel. 
Each trial consisted of two seconds of recording time, starting 400 ms before 
presentation of the peripheral stimuli. 
Experimental Protocol. Subjects were instructed to fixate an initial LED at 
the straight ahead position. After a random period of 1 to 2.5 s, this fixation 
spot extinguished and, simultaneously, a randomly selected peripheral target was 
presented. The default target duration was 500 ms. In a separate set of experi­
ments (subjects JO, PH and J G only) we have also applied noise-burst durations 
of 3, 5, and 10 ms, respectively. Subjects had to redirect their eyes as quickly 
and as accurately as possible towards the new stimulus. A typical experimental 
session consisted of the following paradigms: 
1. One experimental set of visual stimuli. 
2. One or several sets of auditory broad-band noise stimuli. 
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3. One or several sets of tone stimuli of various frequencies. 
Visual target positions were at spherical polar coordinates R ζ [ 2, 5, 9, 14, 
20, 27, 35] cleg and Φ e [ 0, 30, 60 .. .330] deg, where Φ = 0 deg corresponds to a 
rightward position and Φ = 90 deg is upward. R is the distance from the initial 
fixation spot. Total number of trials: N = 84. 
Auditory target positions (either noise bursts or tones) were presented at R G 
[ 10, 20, 30] deg and Φ e [ 0, 45, 90 .. .315] deg. In a given set, each position 
was presented three times (N = 72). 
During auditory experiments the speaker was moved, inbetween trials and 
in complete darkness, to a random position and subsequently to the randomly 
selected target position. This procedure denied the subject of either visual or 
auditory cues regarding the new stimulus position. All subjects reported the 
impossibility of identifying the stimulus location on the basis of sounds produced 
by the stepping motors. This was confirmed in a control experiment with two 
of our subjects. In this experiment, identical stimulus movement procedures 
were followed, but no sound stimulus was delivered. The subject was asked to 
redirect the gaze towards the 'guessed' stimulus position as soon as the central 
fixation LED was extinguished. The correlation coefficients between the subjects' 
first-saccade vectors and horizontal and vertical speaker position resulted to be 
insignificant (Subject JO: rjj — —0.08, ту = —0.13; Subject PH: тц — 0.02, ту = 
0.01; Ν = 25, Р(г) > 0.2). Thus, these control experiments clearly showed that 
no additional cues underlied the subjects' performance in the audio-oculomotor 
task. This conclusion is further supported by the tone and short-duration noise-
burst experiments (see Results). 
Data Analysis. Eye position signals were calibrated off-line on the basis of final 
fixation positions obtained in the visual test set. Raw data signals were calibrated 
by applying a backpropagation algorithm (e.g. Rumelhart et al., 1986). This 
algorithm could cope with small inhomogeneities in the magnetic fields as well as 
with minor cross-talk components between the two eye movement channels. 
Since all targets were at the same distance from the subject, the azimuth, A, 
and elevation, E, of the auditory target position are related to the spherical polar 
angles, (А,Ф),Ьу 
A = arcsin(sini2 · cos Φ) « R · cos Φ 
E = arcsin(sinÄ · sin Φ) га R · sin Φ (3.1) 
Both the (A, E) and the (R, Φ) coordinate systems have their origin at the sub­
ject's straight-ahead fixation direction. The approximation, which corresponds to 
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the horizontal and vertical target coordinates, holds within 5% for eccentricities 
R < 35 deg. In this way, the azimuth and elevation of target positions could be 
directly matched to the horizontal and vertical eye position channels. 
Saccades were detected off-line by a computer alogorithm which applied sepa­
rate eye velocity and mean acceleration criteria for onset and offset, respectively. 
Detection markings were visually checked by the experimenter and could be inter­
actively changed, if necessary. Movements associated with blinks were discarded 
from further analysis. Several parameters were extracted for each saccade: am­
plitude (І2), taken as the length of the vector between onset and offset position, 
direction (Φ), peak eye velocity (V
max
), duration (D), movement latency re. 
stimulus onset (L), initial saccade direction (Фо)5 and saccade curvature (C). 
The initial direction was taken as the direction of the saccade vector at a 
distance of one deg from its starting point. We have checked that changing this 
criterion up to five deg did not appreciably change the value of Φο· 
Saccade curvature was defined as the maximal deviation (M) of the saccade 
trajectory from a straight line, normalized by saccade amplitude: С = íM/R 
(minus sign: clockwise curvature; see Smit et ai, 1990, for details). For example, 
a trajectory having the shape of an anti-clockwise semi-circle would yield С — 
+0.5. 
Decomposition Procedure of Auditory Saccades. The two-dimensional 
saccade trajectory is determined by a horizontal and a vertical eye position com­
ponent: 
R(t) = [H(t), V(t)} (3.2) 
In order to further study the properties of auditory saccades in two dimensions, 
and to assess in a robust way whether the observed curvature may be interpreted 
as a midflight error correction (see Results), we have applied a decomposition 
procedure to these movements. This method aimed at reconstructing, from the 
original saccade trajectory, the contribution of two straight eye movements which 
overlap in time. It should be noted that such a decomposition is not unique, but 
may be achieved by infinitely many different combinations: 
In general, the decomposition assigns to the original trajectory two constituent 
movements: a primary movement, P(t), and a secondary movement, S(t): 
R(t) = P(t) + S(t) (3.3) 
Since both movements are assumed to be straight, their horizontal and vertical 
components must be scaled versions of each other. Thus, 
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P(t) = [Hp(t), a-Hp(t)} and S(t) = [H
s
(t), β • H
s
(t)] (3.4) 
It follows from Eqn. (3.3) that the secondary movement is fully determined by 
the choice of Hp(t) and a: 
S(t) = [H(t)-HP(t), V(t)-a-Hp(t)] (3.5) 
However, most of these choices are not related to a conceivable motor strategy 
underlying the curved saccade trajectory. For reasons which will be motivated 
in more detail in the Discussion, we have selected a particular solution for the 
auditory saccades (see Fig. 3.1B): 
1. The primary movement (P-movement, for short) has a direction equal to 
the initial saccade direction, Φο· 
2. The secondary movement (5-movement, for short) has a purely vertical 
direction. 
Thus, the decomposition procedure of auditory saccades amounts to the following 
choice: 
Hp{t) = H(t) 
a = tan(<I>o) (3.6) 
Note that, according to this proposal, a straight movement will always lead to 
a negligible secondary movement. Auditory-evoked movements were considered 
straight whenever the amplitude of the S-movement fell below one deg. Such 
small S-movements were not incorporated in our analysis. We have also excluded 
movements having a starting direction within 10 deg of the purely vertical direc­
tions, since P- and S-movements would then have to be computed on the basis 
of very small, and hence unreliable, horizontal saccade components (tan(<I>o) ap­
proaches infinity). 
Note, that according to this procedure no assumptions are made as to the saccadic 
or non-saccadic nature of the constituent movements. 
The subsequent steps underlying the applied decomposition procedure are illus­
trated in Fig. ЗЛА. 
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3.3 Results 
Accuracy. As can be observed in Fig. 3.2 (data from subject MF), auditory 
saccades towards broad-band noise stimuli (center column) were quite accurate, 
although somewhat inferior to the accuracy of primary saccades to visual targets 
(left column). Correlation coefficients between auditory target azimuth and first-
saccade end-point azimuth were highly significant and linear regression lines had 
a slope which was close to one (see Table 3.1, for data of all subjects). Auditory 
saccades were accurate in both dimensions although, for all subjects, the corre-
lation coefficients for the elevation component were consistently somewhat lower 
than for the azimuth component. 
The accuracy of auditory saccades appeared to depend strongly on the spec-
tral content of the acoustic stimulus. When tone stimuli were presented instead 
of broad-band noise, subjects failed to respond to the elevation component of the 
stimuli, resulting in insignificant correlations for the frequencies applied in this 
study (r often less than 0.1). 
An example is presented in Fig. 3.2 (right column) for the auditory-evoked 
saccades of subject MF towards tonal sounds of 500 Hz presented at the same 
locations in the 2D frontal plane as the broad-band noise stimuli. Note, that 
the azimuth component of the tone-evoked saccades (top-right panel) remained 
about as accurate as for auditory saccades under broad-band noise conditions 
(top-center panel). 
As is illustrated in Fig. 3.3 for three of our subjects, it appeared that saccade 
elevation was confined to a narrow range, centered around a frequency-dependent 
and idiosyncratic mean value (see Table 3.1, for the quantitative results for all 
subjects). As a result, tone saccades had an elevation component that was inde-
pendent of target position. The standard deviation around the tone-specific mean 
Figure 3.1: 
A. Decomposition Procedure. Horizontal (left) and vertical (right) velocity sig-
nals of a curved auditory saccade from subject MF (top panels), of the recon-
structed P-movement (center panels), and of the S-movement (bottom panels). 
See text for further details. 
B. Spatial trajectories of the original auditory saccade and the computed P- and 
S-movements. Note, that the P-movement has a direction equal to the initial di-
rection of the auditory saccade. The S-movement is purely vertical by definition. 
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Figure 3.2: 
Accuracy of primary saccades. End point azimuth (upper panels) and elevation 
(lower pannels) of primary saccades to targets in the 2D frontal plane (see Meth­
ods) are shown as a function of target azimuth and elevation, respectively. Data 
are from subject MF. A: Visually directed saccades. В: Saccades towards broad­
band noise targets. C: Saccades towards a 500 Hz tone. The latter data are typical 
for all tone responses, apart from the mean value of the elevation components (see 
also Fig. 3.3). 
value was comparable to the amount of elevation scatter obtained under broad­
band noise conditions (cf. Fig 3.2, bottom center and right panels). Thus, the 
overall endpoint distribution of tone-evoked saccades was horizontally stretched 
(Fig. 3.2, right column). 
In order to assess the effect of the duration of a broad-band noise stimulus 
on saccade accuracy, three of our subjects also participated in an experimental 
session in which the auditory stimulus consisted of a short-duration noise burst 
(3, 5 and 10 ras; the 500 ras noise biirst served as a control stimulus). In Fig. 3.4A 
the four different sound pressure signals, measured at the position of the subject's 
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Subject 
Visual 
Slope (r) 
Noise 
Slope (r) 
Tones 
Slope (r) 
AZIMUTH 
JG 
JO 
MF 
NC 
PH 
RW 
0.85 (0.89) 
0.83 (0.99) 
0.87 (0.99) 
0.88 (0.99) 
0.88 (0.99) 
0.80 (0.93) 
0.90 (0.95) 
0.83 (0.97) 
1.20 (0.98) 
0.89 (0.81) 
0.94 (0.95) 
0.95 (0.95) 
0.93 ± 0.21 (0.87 ± 0.13) 
0.79 ± 0.04 (0.96 ± 0.01) 
0.93 ± 0.14 (0.88 ± 0.04) 
0.75 ± 0.18 (0.92 ± 0.05) 
0.81 ± 0.17 (0.88 ± 0.09) 
ELEVATION 
JG 
JO 
MF 
NC 
PH 
RW 
0.81 (0.91) 
0.88 (0.99) 
0.88 (0.99) 
0.88 (0.99) 
0.80 (0.95) 
0.82 (0.86) 
0.92 (0.91) 
0.54 (0.87) 
0.96 (0.90) 
0.77 (0.81) 
0.91 (0.85) 
0.72 (0.91) 
0.05 ± 0.08 (0.10 ± 0.17) 
0.03 ± 0.03 (0.15 ± 0.15) 
-0.01 ± 0.03 (-0.02 ± 0.08) 
-0.02 ± 0.03 (0.06 ± 0.05) 
0.02 ± 0.09 (0.08 ± 0.28) 
Table 3.1: 
Accuracy of horizontal and vertical components of the first visual saccades and 
auditory saccades towards broad-band noise and tone stimuli. Values are fitted 
slopes and correlation coefficients of linear regression lines between saccade com-
ponent and target position. Values for tone saccades are means and standard 
deviations, pooled for the different tones (N = 5). Despite the slightly higher 
correlations for visual saccades, broad-band noise saccades are very accurate in 
both components. Note, that the slopes for auditory azimuth are closer to 1.0 than 
for visual saccades. The azimuth components of tone saccades are almost as ac-
curate as for broad-band noise saccades. Elevation components of tone saccades, 
however, are not related to sound target elevation. 
head, together with the associated power spectra, are shown. As may be seen 
in Fig. 3.4B,C (data from subject PH; stimuli indicated by different symbols), in 
which the localization results are presented in the same format as in Fig. 3.2, the 
overall performance deteriorates dramatically as the stimulus duration decreases. 
The effect is particularly strong on the elevation component (panel C). Under the 
conditions tested, however, the azimuth of the first saccadic response were not 
statistically different from the long-duration condition (panel B). This feature was 
consistently obtained for all three subjects tested. This is shown in Fig. 3.4D, 
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Figure 3.3: 
Dependence of response elevation on sound frequency. Relationship between the 
frequency of the tone stimulus and the mean elevation of the saccade endpoints for 
three different subjects. Auditory targets were presented in the 2D frontal plane 
(see Methods, and also Fig. 3.2). Errorbars denote one standard deviation. Note 
different scales for saccade elevation. Subject MF made predominaritly saccades 
with an upward component (left), subject FH tended to generate saccades in a 
downwaixl direction (center), whereas subject NC (right) made saccades over the 
entire oculomotor elevation range. The azimuth component of the saccades (not 
shown here) were accurate (see Table 3.1 for the results of both saccade compo-
nents from all subjects). 
in which the slope of the regression line (target position component vs. first-
saccade component) has been plotted as a function of stimulus duration. Note, 
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that for a stimulus duration of 10 ms, elevation performance has not yet reached 
the quality obtained for the 500 ms stimuli. The slopes of the azimuth curves, 
however, already reach their optimal value for stimulus durations less than 5 ms. 
The quantitative results of these experiments have been summarized in Table 3.2. 
PH Az 
EL 
JO Az 
E L 
JG Az 
E L 
3 ms 
а r N 
0.85 0.98 41 
0.21 0.80 -
0.85 0.96 48 
0.17 0.62 -
1.26 0.98 48 
0.58 0.79 -
5 ms 
α τ Ν 
0.91 0.97 44 
0.28 0.71 -
0.94 0.97 48 
0.17 0.55 -
1.26 0.97 48 
0.61 0.76 -
10 ms 
a r Ν 
0.90 0.97 44 
0.46 0.88 -
1.00 0.98 47 
0.32 0.80 47 
1.27 0.96 48 
0.79 0.89 -
500 ms 
а г Ν 
1.02 0.98 24 
1.12 0.94 -
1.08 0.99 23 
0.71 0.92 -
1.21 0.95 24 
1.15 0.95 -
Table 3.2: 
Results of short-duration noise-burst experiments (3, 5, 10, 500 ms duration) for 
three subjects. Az, E L : Azimuth, Elevation component of primary saccade re­
sponses, a: slope of regression line (saccade component vs. component of target 
position), r:'linear correlation coefficient. N: number of data points. All corre­
lations are highly significant (P(r) < 0.004,). In all three subjects, the azimuth of 
saccade responses was almost independent of stimulus duration. Elevation per­
formance, however, unproved strongly as stimulus duration increased. 
Latency. In Fig. 3.5 we illustrate how saccade latency and saccade amplitude 
are related. In panel A it is shown that the auditory reaction times (circles, solid 
fitcurve) tend to decrease with increasing amplitude (data from JO, pooled for 
all saccade directions). In order to quantify this effect, we fitted the data with 
the following exponential function: 
L = loo + L
s
 • e~
aR
 (3.7) 
where L is the onset latency for the saccades in ms, R is saccade amplitude in 
deg, and α (in deg - 1 ) , IJoo and Ls (both in ms) are constant parameters. For 
auditory saccades, the relation shown in Fig. 3.5A was very robust and quite 
typical for all six subjects: the linear correlation coefficient, r, between ln(Z/) 
and R was allways significantly different from 0 (p(r) < 10~3), ranging from -
0.39 to -0.82 (N >65) (see Table 2). Interestingly, we observed that the same 
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Figure 3.4: 
A: Applied noise bursts with their associated power spectra. (From top to bot­
tom: 3 ms duration, 5 ms, 10 ms and 500 ms noise burst). Stimulus spectra are 
corrected for low-level background noise (35 dB SPL). B,C: Response accuracy 
of subject PII to the 3 (o), 5 (+), 10 (*) and 500 ms (·) noise stimuli in the 
same format as Fig. 3.2. B: response azimuth. C: response elevation. D : Re­
sponse accuracy (azimuth: dashed lines; elevation: solid lines) is quantified by 
the slope of the fitted regression line (together with its variance) between stimulus 
component and first-saccade vector component for all three subjects tested (JO: 
•; PH: o; JG: ·). Note strong dependence of response elevation gain on stimulus 
duration. Such dependence is virtually absent for saccade azimuth gain. 
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quantitative relation appears to hold in a manner that is roughly independent of 
saccade direction (see Fig. 3.5B). Although in 4/6 subjects, downward directed 
auditory saccades tended to possess slightly longer latencies, the differences with 
upward-directed saccades were not statistically significant. 
Thus, although auditory saccades may be expected to be initially programmed in 
Cartesian, head-centered coordinates (see Introduction), the execution of these 
saccades discloses the involvement of a system operating in a polar coordinate 
frame of reference. Note, that although the tone-evoked saccades were not di­
rected at the physical position of the target (see above), the same relation between 
saccade amplitude and latency was obtained as for broad-band noise stimuli, in­
dependent of the frequency of the tone. 
By contrast, the latencies of visually evoked eye movements (Fig. 3.5A; as­
terisks, broken fitcurve) increased slightly with saccade amplitude in all but two 
subjects (correlation between 0.59 and 0.69; p(r) < 10 - 4 ) . Subject PH diplayed 
no significant correlation between visual latencies and saccade amplitude (p > 
0.05). Subject MF had long latencies for small saccades (R < 5 deg; mean 240 
ms), and a constant latency for larger saccades (mean 136 ms). Though such 
a profile qualitatively resembles the generally obtained auditory latency distri­
bution, visual latency saturated at a much smaller saccade amplitude for this 
subject. 
Auditory Noise Saccade Trajectories. As can be readily observed in Fig. 3.6 
(right column; data from two subjects), auditory saccade trajectories evoked by 
broad-band noise stimuli (500 ms duration) were often considerably curved and 
less stereotyped than visually driven saccades (left column). Typically, the mean 
value of absolute curvature for auditory saccades was almost twice the value ob­
tained for visual saccades, and also the variability of curvature was much larger 
(see legend, for details). 
Closer inspection of the auditory trajectories revealed that an auditory sac-
cade often started in a direction that was only crudely related to the physical 
target direction. Subsequently, however, the movement tended to curve in mid-
flight in order to guide the eye into a new direction, bringing it closer to the 
actual target position. 
In order to quantify the corrective nattire of the curvature in the saccade 
in a model-independent way, Fig. 3.7 compares the initial and final direction 
errors of the auditory saccades (data pooled for all subjects). Note, that the 
initial direction error, ΔΦο, is generally larger than the final direction error. 
The proportion of data points falling below the identity line amounts to 66%. 
Although this may not seem particularly impressive, this feature is especially 
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Subject 
JG 
JO 
MF 
NC 
PH 
RW 
Auditory 
Lo (ms) 
709 
440 
284 
560 
365 
217 
Ζ,«, (ms) 
210 
159 
136 
303 
148 
180 
α (deg ι) 
0.26 
0.24 
0.18 
0.23 
0.12 
0.17 
Visual 
Lo (ms) 
229 
169 
171 
313 
188 
180 
Loo (ms) 
306 
281 
127 
340 
206 
230 
α (deg ι) 
-0.02 
0.5 
Table 3.3: 
Fit results for auditory and visual saccade latencies. (Eqn. 3.7). LQ is the pre­
dicted latency at R = 0 deg (Lo = L^ + L
s
). Note, that the latency of auditory 
saccades tends to decrease with saccade amplitude (Loo < Lo). For visual sac-
cades the opposite trend is visible (with the exception of subject MF, see text). 
Parameter a measures the steepness of the relatioti, and is of comparable mag­
nitude for auditory saccades across subjects. For visual saccades, latencies often 
tended not to saturate. For those cases, 1 ^ was taken as the predicted latency 
value at R = 40 deg. 
prominent for large initial direction errors: for ΔΦο > 20 deg, 75% of the points 
fall below the line. Thus, from such a first analysis, the impression was gained 
that the curvature in the auditory saccade trajectories was of a corrective nature. 
In order to investigate this point in more depth, we applied the decomposition 
procedure described in Methods to all auditory saccades evoked by broad-band 
Figure 3.5: 
Relation between saccade vector and latency. A: Latency as a function of sac-
cade amplitude (subject JO), for visual saccades (*) and auditory saccades (о). 
Eqn. (5) has been fitted through both data sets (auditory: solid line; visual: broken 
line). Note the strong decrease of latency for auditory saccades as a function of 
amplitude and the slight, but systematic, increase of visual saccade latencies. 
B: Auditory saccade latency as a function of final saccade direction. In this plot 
only saccades with an amplitude larger than 15 deg are shown, for which the 
amplitude-latency relation has reached its saturation level. No systematic depen­
dence of saccade latency on saccade direction was obtained. 
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Figure 3.6: 
Saccade trajectories for two subjects. Left column: Two-dimensional trajectories 
of visually guided saccades for subjects MF (top) and PH (bottom). Although 
most saccades are approximately straight, some movements have a considerable 
curvature. Absolute values of saccade curvature (see Methods; mean and standard 
deviation): MF: \C\ = 0.05±0.04; PH: \C\ = 0.04І0.02 (N = 84J. Right column: 
Trajectories of saccades towards auditory broad-band noise stimuli in darkness for 
the same subjects and obtained in the same experimental session. Note, that the 
auditory saccades are substantially more curved than the visual saccades, which 
seems in these two subjects especially pronounced for auditory targets presented 
in the lower oculomotor range (MF: \C\ = 0.08 ± 0.06; PH: \C\ = 0.08 ± 0.06; 
N = 12). 
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Figure 3.7: 
Initial and final direction error of auditory saccades. This figure compares the 
initial error of saccade direction (ΆΦο = | Φ ο _ $τ\) with the directon error of the 
saccadic end point (ΔΦ = |Φ — Φτ\)> pooled for all six subjects. Note, that the 
initial error was generally larger than the final error, especially for large initial 
errors (> 20 deg), where 75% of the data fall below the identity line. 
noise. In what follows, we will describe the properties of the computed P- and 
S-movements, resulting from this decomposition method. 
Properties of P- and S-Movements. As may be expected from a casual 
inspection of Fig. 3.6, P-movements were made in all directions. By definition, 
the accuracy of P-movement azimuth was equal to that of the total auditory 
saccade (see Methods). Unlike the total movements, however, the fitted linear 
relationships for P-movement elevation had a slope that was substantially less 
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than one (not shown). It is important to note, that nevertheless the elevation 
component of the P-movements correlated significantly with target elevation. 
Therefore, the initial direction of the (curved) auditory saccade tended to be 
only roughly correct. This feature was consistently found in all subjects. 
The reconstructed S-movements appeared to compensate for a substantial 
part of the elevation error that would remain if only the P-movement would have 
been made. Fig. 3.8A (pooled data from all subjects) shows that there is a highly 
significant relation between the residual elevation error after the P-movement, 
and both the size and direction (indicated by its sign) of the S-movement (r = 
0.67; N = 278). The slope of the best-fit linear regression line (a = 0.5) indicates 
that on average 50% of the total error was corrected for by the S-movement. 
It should be noted, that as a result of the assumptions inherent in the decom-
position procedure, the onset of the S-movement is confined to the time interval 
covering the duration of the P-movement (see Methods). Therefore, S-movement 
onset and P-movement onset have to be well-correlated. Nevertheless, the distri-
bution of S-onsets is far from uniform within this interval, but tended to cluster 
at about 30 ms after the onset of the P-movement. This is illustrated in Fig. 3.8B, 
which shows the pooled data from our six subjects. The correlation between the 
onsets of the two movements that was actually obtained (r = 0.98; TV = 278) 
was significantly higher than expected for uniformly distributed S-onsets over 
the P-movement duration interval (r = 0.93 ±0.02, as determined by a statistical 
bootstrap of 100 simulations; See e.g. Press et ai, 1992). 
Auditory Saccade Kinematics in Three Dimensions. It is now well-
established that the kinematics of visually-evoked saccades in three dimensions 
are constrained by Listing's law. This law states that, with the head upright 
and at rest, the 3D coordinates of the ocular rotation axis describing current eye 
position are confined to a plane (Listing's plane), not only while fixating, but also 
during the eye movement (see e.g. Tweed et al., 1990; Van Opstal, 1993; Minken 
et al., 1993). It is still debated whether Listing's law results from a visual strat-
egy imposed by a requirement of keeping the orientation of the two eyes aligned 
for optimal binocular vision, or from a motor strategy minimizing the amount 
of movement about the ocular rotation axis, or whether it reflects a mechanical 
property of the oculomotor plant. 
We have recorded eye movements in three dimensions in one subject (AM), in 
order to verify whether also the 3D kinematics of auditory saccades in darkness 
are constrained by this law. The results are shown in Fig. 3.9. It is immediately 
clear that Listing's law is obeyed for auditory saccades at a high precision, even 
when saccades are substantially curved. 
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Figure 3.8: 
(A) Relation between residual error and S-displacement. Size and direction of 
the vertical S-movement as a function of the elevation error that would remain if 
only the P-saccade had been made. Data pooled for all six subjects. S-movements 
with amplitudes smaller than 1 deg were not included in the analysis (see Meth­
ods). The corrective gain of the S-saccade (slope of the regression line) is 0.5. 
(B) Latency difference histogram. Distribution of the difference between the on­
sets of the P-movement and the S-movement. Due to the decomposition procedure, 
differences are always positive. Note, that the distribution has a well-defined peak 
at a latency difference of 30 ms. 
3.4 Discussion 
Accuracy of Auditory Saccades. In this chapter we have shown that the ac­
curacy of human auditory-evoked eye movements in two dimensions can be quito 
high when the sound stimulus consists of noise with a broad bandwidth. Appar­
ently, the audio-oculomotor system has the capacity to compute the position of 
a sound source on the basis of binaural difference cues as well as monaural spec­
tral cues provided by the pinnae, and use this result for an accurate oculomotor 
response. 
It has been shown theoretically, that when the sound has a large bandwidth, 
the auditory system should be able to make the appropriate discrimination of 
target position in the medial plane, by assuming that the power spectrum has 
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Figure 3.9: 
Listing's law for auditory-evoked saccades. Eye positions are displayed as the 
three-dimensional components of a rotation axis, f = (Τ, Η, V) (expressed in 
deg). This axis specifies how the eye should rotate in order to reach the cur­
rent position from primary position, which is the origin (0,0,0) of a right-handed 
head-fixed Cartesian coordinate system (see Van Opstal, 1993). The horizontal 
component of this rotation axis, II, corresponds to a vertical eye position, the 
vertical component of the axis, V, to a horizontal position. The torsional com­
ponent, T, describes a rotation about the visual axis when the eye looks into the 
primary direction. 
A. Horizontal-vertical view of the eye position rotation vectors of saccade tra­
jectories obtained in the auditory localization experiment described in Methods. 
Calibration cross is ±5 deg. Note, that the central fixation position is located at 
(T,H,V) « (0,10,0) deg, which is 10 deg down from the primary position. 
B. Torsional-vertical view of 3D eye positions. Note, that data are confined to a 
narrow plane, centered at zero torsion (Listing's plane). Width of the plane in 
the torsional direction is less than 1 deg (στ = 0.6 deg). 
certain smooth properties (Zakarouskas and Cynader, 1993; see also Introduc­
tion). Indeed, when a tone stimulus is used, the detection of sound elevation 
fails dramatically. In this case, the system has no means to relate the incoming 
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single-frequency sound spectrum to either the intensity of the stimulus proper, 
or to a frequency-specific filtering effect by the pinnae. 
Meanwhile, the azimuth position of brief noise bursts (down to 3 ms duration; 
Fig. 3.4) could be localized equally well as in the case of longer duration broad­
band noise and tone stimuli (Fig. 3.2 and Table 3.1). Interestingly, despite the 
broad amplitude spectra of the former two sound stimuli (see Fig. 3.4A), the 
elevation component of the saccadic responses was strongly affected by stimulus 
duration in all three subjects tested. Therefore, a broad bandwidth by itself is not 
sufficient to evoke an accurate localization response in two dimensions. Accurate 
vertical localization, which is based on spectral cues, necessitates a sufficiently 
high spectral resolution. As a consequence of Fourier's formalism ( Δ / · Δί « 1), 
this computational process requires sufficient time. More experiments are needed 
in order to assess the precise time course of the vertical localization percept. On 
the basis of our first results (Table 3.2) a preliminary estimate would indicate a 
value exceeding 10 ms. 
Interestingly, when the auditory system has no means to derive the eleva­
tion of a sound, the vertical component of the saccadic response is not random. 
Rather, subjects seem to choose a default elevation (Figs. 3.2C and 3.3), which 
depends consistently on the frequency of the sound. We observed that the relation 
between sound frequency and evoked elevation response is also subject-specific. 
This observation is in line with psychophysical data suggesting that the specific 
shape of such a relationship, expressed by the subject's performance in an audi­
tory localization task, may be due to the idiosyncratic filtering properties of the 
pinnae (Rogers and Butler, 1992; Butler and Musicant, 1993). 
In this respect it may be of relevance that the initial movement direction 
to noise stimuli is, despite its inaccuracy, well correlated with target direction 
and should therefore not be regarded as a mere default response as in the case 
of tone stimuli. This could fit nicely with the idea, strongly supported by the 
brief-duration noise burst data, that insufficient processing time does not yield 
the high spectral resolution required for a better localization. 
Our eye movement data indicate that both the two-dimensional percept of 
auditory target position and the subsequent programming of an accurate orienting 
movement are complete after approximately 200 ms. Our model-free analysis 
(Fig. 3.7) as well as our reconstruction method (Fig. 3.8A; see also below) both 
suggest that the accuracy of the acoustically evoked orienting movement may 
indeed improve over time: after an average latency of about 150 ms (see e.g. 
Fig. 3.5) a first estimate of the acoustic target position becomes apparent in 
the initial direction of the eye movement. Then, after a fixed time interval of 
approximately 30 ms (Fig. 3.8B), which is independent of the latency of the 
58 Section 3.4 
initial response, the change in direction of the movement suggests that target 
position is specified more precisely (Fig. 3.7). 
A similar suggestion was made by Jay and Sparks (1990), who noted that the 
auditory response was often broken up into a number of smaller saccades, which 
brought the eye in successive steps closer to the target. Although these authors 
report that 20% of their recorded auditory responses displayed this 'staircase' 
pattern, such responses were quite rare in our own data base. 
It should further be noted that such detailed information about the auditory 
localization process would be difficult to obtain by psychophysical procedures 
which confine the subject's responses to a limited array of possible target posi-
tions, or in which the kinematics and accuracy of the response are not available. 
Latency We confirm and extend previous findings (Zahn et ai, 1979; Jay and 
Sparks, 1990) that the latency of auditory evoked eye movements decreases with 
increasing saccade amplitude. By contrast, latencies of visually driven saccades 
are fairly constant over a large amplitude range. In most subjects, only a small 
(but significant) increase of response latency with target eccentricity was ob-
tained. It is not clear why auditory latencies are differently related to saccade 
amplitude than visual latencies. 
A new additional finding in this study is, that the amplitude-latency depen-
dence seems to be independent of saccade direction, and hence to occur in a 
radial-symmetric way. We have checked, by replot ting the auditory latency data 
of Jay and Sparks (1990), that their data too appear to reflect this radial symme-
try. As was outlined in the Introduction, auditory localization is initially confined 
to a Cartesian, craniocentric frame of reference, due to the early separation of 
the horizontal and vertical localization cues. It is therefore of interest, that the 
studies by Zahn et al. (1979) and by Jay and Sparks (1990) both suggest that 
auditory saccade latency is related to the oculocentric coordinates of an auditory 
target, rather than to the acoustic head-centered eccentricity. Our latency data 
further support this hypothesis. 
Auditory saccades are thought to be represented in the same oculocentric for-
mat as visual saccades at the level of the deep layers of the SC (Jay and Sparks, 
1987). Thus, the rotation-symmetric and oculocentric properties of auditory sac-
cade latencies could be the result of a collicular involvement in auditory saccade 
initiation. 
This conclusion is further supported by recent findings from our group which 
indicate that the initiation of visually-evoked saccades is influenced by the pres-
ence of an auditory target. The effect could be explained by a spatial-temporal 
interaction at a neural stage where both the visual and the auditory target are 
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programmed in the same spatial format, e.g. such as has been found in the motor 
map of the SC (Lueck et al., 1990; Chapter 6). 
Auditory and Visual Saccade Trajectories. We observed substantial dif-
ferences between the trajectories of visually and acoustically driven saccades. 
Most notably, the trajectories of saccades toward broad-band noise targets were 
generally more curved than visual saccades (Fig. 3.6). Interestingly, the curva-
ture of auditory saccades was found to be corrective, since it tended to improve 
the accuracy of the direction of the saccade (Fig. 3.7). 
Note, that this correction cannot be the result of auditory feedback, since 
the head position of our subjects remained fixed throughout the experiment. 
Nor may the observed curvature be explained by a property of the oculomotor 
plant, because the trajectories of the visually-evoked eye movements were in 
general quite different. We also believe that the observed curvature of auditory 
saccades is not due to the lack of visual stimulation: in a recent study it has been 
shown that memory-guided saccades in the dark display both qualitatively and 
quantitatively similar saccade trajectories (Smit et al., 1990). 
In short, our auditory saccade data suggest that the corrective curvature 
within the movement may reflect ongoing signal processing related to the auditory 
localization process. 
It has been shown in earher studies that strongly-curved saccades may also 
be evoked by visual stimuli, e.g. in a situation where the initial visual target 
rapidly changes direction in a double-step task (Ottes et ah, 1982; Findlay and 
Harris, 1984; Van Gisbergen et al., 1987; Minken et ai, 1993). It has recently 
been noted by Minken et al. (1993), that such strong curvature is incompatible 
with the notion of a single-axis ('shortest path') ocular rotation. 
Models of Curved Saccades. 
Different models may explain such curved trajectories (see Ottes et al., 1982; 
Van Gisbergen et ai, 1987; Minken et ai, 1993). For example, a two-dimensional 
extension of the well-known internal feedback model of Robinson (1975), assumes 
that the brainstem saccade generator is driven by a motor error signal which is 
continuously updated by newly arriving target information (e.g. Ottes et ai, 
1982). 
Alternatively, curved saccades may be envisaged as the result of a superposi-
tion of two preprogrammed movements, elicited by the two stimulus steps (Ottes 
et ai, 1982). On the basis of a quantitative analysis, it was observed by Van 
Gisbergen et al. (1987) that curved double-step saccades may be equally well 
described by both models. 
In this study, we have not attempted to resolve this feedforward vs. feedback 
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dichotomy, since on the basis of behavioural data alone this may be next to 
impossible. However, we propose that also the generation of oudiiory-evoked 
saccades may be subjected to a continuous updating mechanism. Thus, also in 
this case, the curved auditory saccade may be due to (1) either a continuously 
changing motor error signal, resulting from new information concerning the head-
centered auditory target position, (2) or to the superposition of two feedforwardly 
programmed saccades. In the latter scheme, the second saccade must take into 
account the oculocentric coordinates of the updated target position, as well as 
the estimated motor error after the first saccade. 
Decomposition Procedure. 
As has been outlined in Methods, the decomposition is not unique and therefore 
has to be subjected to constraints. This problem is also encountered in the 
analysis of curved visual double-step responses, despite the clear lay-out of the 
target configuration. 
Starting point of our decomposition analysis has been the assumption that 
the observed responses reflect a property akin to the audio-oculomotor system. 
Indeed, the strong and variable curvature in the auditory saccades was not ob­
served in visually-evoked responses to single targets. Although also saccades to 
single visual targets and memory-guided saccades tend to be slightly curved, the 
curvature is usually quite systematic and reproducible (Smit et ai, 1990; see also 
Fig. 3.6). Although it cannot be excluded that a similar updating mechanism as 
proposed for the double-step saccades or the auditory saccades may also underlie 
the generation of saccades to single visual targets, the strong reproducibility of 
the latter suggests a different, perhaps even a hard-wired, mechanism. 
Inspired by the notion that initially the process of auditory localization in­
volves independent channels for the extraction of target azimuth and target el­
evation (see Introduction), we attempted in Chapter 2 to describe an auditory 
saccade as the superposition of a purely horizontal and a purely vertical saccadic 
movement. Although often the auditory saccades seemed to start in a horizontal 
direction, giving support to this notion (see e.g. Fig. 3.6, for saccades to auditory 
targets in the lower oculomotor field of subjects MF and PII), this feature was 
not consistent throughout the entire two-dimensional oculomotor range (cf. the 
saccades with an upward component in Fig. 3.6). Moreover, in some subjects the 
deviations from a simple horizontal/vertical segregation of saccade trajectories 
was more prominent than in other subjects. 
In short, the finding that horizontal/vertical components of auditory saccades 
starting in oblique directions display a similar kinematic component crosscoupling 
('stretching') as has been found for visually-evoked saccades (Van Gisbergen et 
α/., 1985; see also Introduction), is at odds with the hypothesis that auditory 
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saccades may be treated as a superposition of saccades generated by independent 
azimuth/elevation channels. 
The reconstruction procedure applied in the present chapter therefore assumes 
that the response made by the audio-oculomotor system may be described as a 
superposition of two overlapping movements of which the initial direction is not 
necessarily horizontal. Note, that this reconstruction procedure is compatible 
with both models described above. Based on our localization data (discussed 
above) we conjecture that the first command (resulting in the P-movement) is 
predominantly based on binaural signal processing and is already accurate in as 
far as target azimuth is concerned. However, due to a first rough spectral analysis 
on the acoustic signal, an initial estimate of target elevation can nevertheless be 
made (see also above). The second command (giving rise to the S-movement), 
which on average affects the initial response with a delay of about 30 ms (see 
Fig. 3.8B), is hypothesized to result from a further analysis of the spectral cues. 
Depending on the underlying model (see above), the second command may also 
have to take the coordinates of the P-movement into account. 
Saccade Kinematics. An interesting emerging result from the proposed de­
composition procedure is, that both the reconstructed P-movement as well as the 
S-movement turn out to be of a saccadic nature. Λ comparison between these 
straight hypothetical auditory-evoked movements and visually guided saccades 
(Fig. 3.10) shows that all three movement types obey approximately the same 
main sequence relation. Note, that this feature is not trivial: particularly the S-
movement could have resembled a very slow movement, or even a mere irregular 
oscillation around the initial saccade direction. Indeed, the fastest movements of 
all three types turned out to be indistinguishable. This is illustrated in Fig. 3.10 
for four of our subjects (see Table 3.4 for the quantitative results of all subjects). 
This is in striking contrast to previous claims in the literature (Zambarbieri et 
ai, 1982; Zahn et ai, 1979), suggesting that auditory saccades are considerably 
slower than visually-evoked eye movements. A possible explanation for this dis­
crepancy could be that, by measuring only the horizontal component of auditory 
saccades, peak velocities may systematically have been underestimated by a fac­
tor of 1/соз(Фо). Especially for tone stimuli, the real initial direction of the 
saccade may be quite different from Фо = 0 deg (see e.g. subject NC in Fig. 3.3 
as an extreme example). 
SD rotational kinematics. 
We showed that Listing's law is accurately obeyed also for auditory saccades in 
darkness (Fig. 3.9). These data therefore argue against a purely visual basis for 
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Figure 3.10: 
Main sequence relations of visual and auditory saccades. Amplitude-V
max
 rela­
tions of visual saccades (+), reconstructed P-movements (o) and S-movements 
(*) for four °f °" г subjects (JG, JO, MF, PH). Note that all three movement 
types follow approximately similar relationships (see also Table 3.4 for quantita­
tive details). 
the functional role of Listing's law. The law is also obeyed when the auditory 
saccades are substantially curved. Therefore, in line with the observation of 
Minken et al. (1993) on visually-evoked curved eye movements, it seems likely 
that also the auditory-evoked oculomotor commands express the required changes 
for the ocular rotation axis in two-dimensional, rather than in three-dimensional, 
coordinates. 
Clearly, electrophysiological recordings in neural structures known to be heavily 
involved in saccade generation, such as the midbrain (Superior Colliculus) and 
brainstem saccade burst generator, during strongly-curved saccadic responses are 
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Subject 
JG 
JO 
MF 
NC 
PH 
RW 
Saturation Level Main Sequence 
Visual 
Ko (deg/s) 
462 ± 43 
459 ± 68 
513 ± 70 
488 ± 52 
466 ± 37 
398 ± 51 
P-saccade 
Aoo (deg/s) 
397 ± 52 
437 ± 66 
459 ± 90 
443 ± 82 
384 ± 29 
362 ± 95 
P(t) 
0.0002 
0.32 
0.03 
0.03 
< IO"6 
0.26 
Slope R < 20 deg 
Vis P-sacc S-sacc 
ay s - 1 ap s - 1 as s - 1 
43 38 25 
39 37 31 
40 43 27 
40 48 24 
39 32 24 
39 43 23 
Table 3.4: 
Peak velocity saturation levels for visual saccades and auditory P-movements 
(pooled over directions) determined for saccade amplitudes exceeding 20 deg. Al-
though visual saccades tend to be somewhat faster for all subjects, differences 
in the means are highly significant in only 2/6 subjects (Student's t-test). The 
right-hand side of this Table provides the slopes of the fitted linear regression lines 
for the visual saccades and P- and S-saccades with amplitudes smaller than 20 
deg (pooled directions). Note, that V- and P-saccades are equally fast, whereas 
S-saccades are systematically slower. 
needed in order to discriminate among the various models. 
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Chapter 4 
Transfer of Short-Term 
Adaptation in Human 
Saccadic Eye Movements 
4.1 Introduction 
This chapter describes the properties of human saccadic eye movements, both to 
visual and to auditory stimuli, after visually-induced short-term adaptation. In 
particular, we investigate the question as to what extent the induced adaptation 
carries over to saccades elicited under different experimental conditions. 
Plasticity in the saccadic system. The saccadic system has been shown 
to exhibit a considerable amount of plasticity when the relation between visual 
input and motor output has been disturbed. For example, weakening of the hor-
izontal recti muscles of one eye in the rhesus monkey initially leads to systematic 
undershoots of the operated and patched eye in response to visual stimuli pre-
sented to the normal eye (Optican and Robinson, 1980). However, when the 
operated eye is forced to view, its undershoots gradually disappear until the 
normal, pre-operative input-output relation is re-established. This adaptation 
process typically takes about five days to complete. Noteworthy, the unoperated 
but visually-deprived eye will then have systematic overshoots. Similar results 
had earlier been obtained from patients suffering from a unilateral abducens palsy 
Adapted from: M.A. Frens and A.J. Van Opstal ( 1994) Experimental Brain Research 
100: 293-302 
70 Section 4.1 
(Kommerell et al., 1976) or a partial third nerve palsy, leading to a medial rectus 
paresis (Abel et al., 1978). 
In contrast to the relatively slow adaptation in response to muscle-weakening 
or nerve palsy, a much faster adaptation of saccade amplitude can be obtained 
when the visual target consistently changes its eccentricity during visually guided 
saccades (McLaughlin, 1967; Miller et ai, 1981; Deubel et ai, 1986; Semmlow et 
ai, 1987). This type of adaptation takes only from a few to a few hundred target 
presentations to reach a steady level. Also, when the visual target is displaced 
vertically during a horizontal saccade, saccade direction will gradually change in 
order to reduce the remaining retinal error (Mack et al., 1978). Deubel (1987) 
showed that the saccadic adjustments are direction-specific, since adaptation is 
transferred to saccades belonging to a sector (about 60 deg wide) around the 
adapting target, which is bounded by direction, but not by amplitude. This 
finding extended the observation of McLaughlin (1967), who noted that not only 
saccades towards the enforcing stimulus, but in fact all horizontal saccades had 
changed their gain. The term 'parametric adjustment' was coined to describe 
this phenomenon. 
Controversy on the nature of short-term adaptation. Controversy exists 
on whether the adaptation in the visually induced gain-changing paradigm is 
really 'parametric' in the sense that it equally affects all saccades of various 
amplitudes, having the same direction as the adaptation target, by simply tuning 
an overall amplitude gain. For example, it was shown by Miller et al. (1981) that 
the transfer of adaptation may be quite limited and that it is even possible to 
induce gain-lengthening as well as gain-shortening of saccades to different target 
positions along the same direction. Deubel et al. (1986) suggested that part of 
the controversy could be due to the experimental protocol applied in the gain-
shortening paradigm: Miller et al. (1981) induced an adaptational response by 
means of an identical stimulus arrangement for each adaptation trial. It was 
argued that, since the starting position of the eyes was not varied, the saccadic 
system had no means of generalizing its deficit. As a result, a poor transfer of 
gain adaptation might be expected (Deubel et al, 1986). Therefore, Deubel et 
al. (1986) investigated this problem in more detail and presented evidence that 
the gain-shortening paradigm leads to nearly perfect transfer of gain adaptation 
to saccades of varying amplitudes in the 8-16 deg range. In a more recent study, 
Semmlow et al. (1987) showed that such transfer was present for targets at 
different positions along the same direction, but that it was far from complete. 
Thus, the controversy remains, also because the eccentricities tested by Deubel 
(1987), Deubel et al. (1986) and Semmlow et al. (1987) were limited to a 
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narrow range and do not allow one to extrapolate to smaller or larger amplitudes. 
Therefore, we investigated the amount of adaptation transfer to a larger range of 
saccade amplitudes. In addition, we have tested the saccadic responses under a 
number of different experimental conditions. 
Neural interpretation of short-term adaptation. A second controversy, 
which is further discussed in this chapter, is about the possible neural interpre-
tation of the short-term adaptation process. Optican and Robinson (1980) have 
suggested that the adaptive mechanisms underlying 'fast' adaptation (due to vi-
sual manipulation) and 'slow' adaptation (due to motor system impairments) are 
different, mainly because they have different time courses. They showed that 
the adaptation to muscle weakening necessitates an intact cerebellum, since to-
tal cerebellectomy causes strong saccadic hypermetria while destroying the plas-
tic properties of the saccadic system. So far, it is unknown whether the rapid 
visually-induced adaptation relies on cerebellar involvement. Several hypotheses 
have been put forward on where in the saccadic system the latter process might 
be taking place. 
Based on the observation that during adaptation the main sequence proper-
ties of saccades change (in particular their characteristic amplitude - duration 
relationship; Bahill et al., 1975), several authors have suggested that short-term 
adaptation is operative at a rather late stage in saccade programming, presum-
ably incorporating brain structures involved in the shaping of the pulse-step com-
ponents of the saccadic motor command (Semmlow et al, 1987; Abrams et ai, 
1993). 
On the other hand, several lines of evidence suggest the involvement of higher 
brain structures in this type of adaptation. For example, the observed response 
might be the result of a process in which higher centers anticipate the correc-
tion saccade which is needed to cope with the intrasaccadic target displacement. 
In this way, saccades affected by short-term adaptation could result from the 
temporal overlap of two saccades in different directions (FitzGibbon et ai, 1985, 
1986). Recently, Erkelens and Hulleman (1993) have shown that under certain 
circumstances the effect of adaptation is task-dependent, which supports the no-
tion of cortical involvement. Alternatively, it has been proposed that the induced 
amplitude changes might even be due to a conscious strategy adopted by the 
subjects (Kommerell et al., 1976). 
In contrast, Deubel et al. (1986) argued that subjects are unaware of their 
oculomotor behaviour because the detection rate of the intersaccadic target jump 
is only about 20%. Moreover, both the adaptation as well as the readaptation 
phases occur gradually, whereas saccade reaction times seem to remain within the 
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normal range of visually-evoked saccades. Based on a two-dimensional analysis 
of the adaptation, Deubel (1987) proposed that it may occur at a premotor level 
where saccades are still encoded in polar coordinates, rather than at a later stage 
where the saccade components are expressed in the coordinates imposed by the 
geometry of the oculomotor plant. 
In order to further address this problem, we have therefore systematically 
investigated the metrics (amplitude, direction), dynamics (peak velocity, dura-
tion, skewness of the saccade velocity profile (Van Opstal and Van Gisbergen, 
1987)), and timing properties (latency, intersaccadic interval) of saccades during 
and after adaptation. 
Modality transfer of visually adapted saccades. The auditory system does 
not have a spatial representation of sound at the level of its primary sensory or-
gan, the cochlea. The nervous system has to derive the position of a sound source 
from a tonotopic code in subsequent neuronal stages, on the basis of indirect cues 
such as interaural level and phase differences as well as on monaural spectral cues 
(see e.g. Blauert, 1983). Because in humans the pinnae are fixed to the head, 
sound source position is initially represented in a head-centered reference frame. 
However, at the stage where the auditory-evoked ocular orienting response is 
represented, this craniocentric code has to be transformed into an oculocentric 
frame of reference (see e.g. Jay and Sparks, 1984). In a separate series of ex-
periments, we have studied the conditions under which adaptation, induced by 
a visual stimulus, may carry over to auditory-evoked saccades. We believe that 
such experiments may further constrain the hypotheses, mentioned above, which 
try to interpret the neurophysiological implementation of the adaptation process. 
Part of this work has been presented in abstract form (Prens and Van Opstal, 
1992). 
4.2 Methods 
Subjects 
Seven male and three female volunteers, ranging in age from 21 to 35 years, 
participated in the experiments. Subjects were without any known uncorrected 
visual, auditory or oculomotor deficits, with the exception of subjects JO and CG. 
Subject JO has a strong dominance of the left eye and is basically monocular. Of 
this subject movements of the recessive eye were measured. Subject CG, who is 
deaf in her left ear, did not take part in the experiments with auditory stimuli. 
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Experimental Setup 
Experiments were performed in a completely dark, sound attenuated room, in 
which acoustic reflections above 500 Hz were strongly reduced by means of acous-
tical foam which covered walls, ceiling and floor. Subjects were comfortably 
seated in a chair with a head support, that prevented them from making head 
movements. Stimulus presentation as well as data acquisition were controlled by 
a PC-386 equipped with a data acquisition board (Metrabyte Dasl6). 
Visual targets were red LEDs, mounted on a tangent screen that was po-
sitioned at 150 cm from the subject's head. Auditory stimuli were generated 
by a noise generator (Hewlett Packard HOI-3722a), band-pass filtered (150 Hz 
- 20 kHz, Krohn-Hite 3343) and presented through speakers (Monacor SP-40). 
The speakers were directed towards the subject's head from a distance of 85 cm. 
Sound intensity at the subject's head was about 60 dB SPL. 
Movements of the right eye were measured in two dimensions by means of 
the scleral coil technique (Collewijn et al, 1975). The sampling rate was 500 Hz 
for each eye movement channel. Each trial consisted of two seconds of recording 
time, starting 400 ms before target presentation. 
In order to calibrate the recorded eye movements we asked our subjects to fix-
ate visual targets on the horizontal and on the vertical axis of the tangent screen, 
located at 7, 14 and 21 deg eccentricity from straight ahead. The signals that 
were thus obtained were used to calculate off line linear regression lines between 
target eccentricity and horizontal and vertical eye position signals, respectively. 
This method allowed for accurate calibration for all directions. 
In the calibrated eye position signal the onset and offset of saccadic eye move-
ments were detected by the computer on the basis of both a velocity and a mean 
acceleration criterion. Detection markings were visually checked by the experi-
menters. 
Experimental Paradigm 
All experiments were performed in a similar way. They consisted of three consecu-
tive phases: the pre-adaptation test phase (pre phase, for short), the adaptation 
phase and the post-adaptation test phase (post phase, for short). During the 
adaptation phase, changes were imposed on the visuo-motor system by altering 
the visual input during saccades (see below). 
During both test phases we presented identical sets of stimuli for which the 
effect of the induced adaptation was investigated. The pre phase served as a 
baseline set for comparing the results of the post phase. Different experimental 
sessions varied in the composition of the two test phases. 
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Adaptation phase The adaptation phase served to induce short term changes 
of saccade metrics (either amplitude, R, or direction, Φ). In an adaptation trial, 
a visual fixation spot appeared at the straight ahead position for a random period 
of 1.0 to 1.5 s. Immediately after extinguishing this spot, a visual target appeared 
in the periphery. Subjects had to redirect their gaze as quickly as possible to the 
new target. 
Eye velocity was monitored on line by the computer. When a goal directed 
eye movement was detected (based on both a 75 deg/s eye velocity criterion and 
a movement direction criterion), the computer changed the position of the target, 
40 ms after saccade onset detection (see Fig. 4.1). 
The total presentation time of both peripheral targets together was 1.6 sec. 
Immediately after extinguishing the peripheral target, the central fixation spot 
was turned on. This required subjects to make a backward saccade and prevented 
the occurrence of eye movements in between trials without the concomitant target 
jump. A complete adaptation phase consisted of 120 trials. 
• In an amplitude adaptation ( or 'gain shortening') session the first target 
was at (Τι,Φι) = (21,0) deg and the second target at (14,0) deg, where Φ 
= 0 deg is to the right and Φ = 90 deg is upward. 
• In a direction adaptation trial, the adaptation target was initially posi­
tioned at (21,45) deg and was reset to (21,30) deg. This type of adaptation 
was performed in two subjects and only in combination with the 'auditory 
direction' test ( see below). 
Test phases During the pre- as well as the post-adaptation test phases a spe­
cific set of stimuli was presented to the subject. After extinguishing the fixation 
spot, either a visual or an auditory target was presented for 500 ms (except in the 
double step test; see below). Subjects had to foveate the fixation spot and were 
instructed to redirect their gaze towards the new target as quickly and accurately 
as possible. Targets were presented in random order. In tests that contained po­
tentially predictable target positions, catch-trials were interleaved in the test set. 
Test phases were repeated as long as the subject tolerated the scleral coil without 
difficulties. Generally a test phase lasted from 150 to 200 trials. 
Six sets of test stimuli were used in this study in order to assess the amount 
of adaptation transfer to saccades of different amplitudes and directions, elicited 
under different experimental conditions: 
• The whole field test [ Subjects MF, RW ] 
This set contained one fixation spot at (0,0) deg in combination with 24 
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Tl Target Position 
T2 
75 deg/s Eye Velocity 
100 200 300 400 500 
Time [ms] 
Figure 4.1: 
The adaptation paradigm. While the subject fixates the central position of the 
screen, a target appears m the periphery at T\. The goal-directed eye movement 
serves as a trigger for the displacement of this target to position Γ2, J^O ms after 
the velocity of the saccade exceeds a threshold of 75 deg/s. 
visual targets, presented in eight directions (0, 45, 90, 
three eccentricities (7, 14, 21) deg (Fig 4.2A). 
., 315) deg and at 
• The fixed vector test [ Subjects CG, JO, MF] 
In this experiment we used a set of fixation spot / visual target combinations 
that corresponded to the same retinal error as during the adaptation phase, 
but with the eye starting at different initial positions: -14, -7 and 0 deg 
along the horizontal axis. The corresponding targets were always at 21 deg 
to the right of these fixation spots (Fig 4.2B). 
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• The amplitude test [ Subjects CG, JO, KK ] 
In this set the visual stimulus was kept fixed at (21,0) deg, and served as 
the target from a large range of different initial fixation positions: (-14, -7, 
0, 7, 14) deg along the horizontal axis (Fig 4.2C). In this way we were able 
to elicit horizontal saccades over an amplitude range between 7 and 35 deg. 
• The double step test [ Subjects JO, MF, PH ] 
In this test two targets were presented briefly and sequentially (100 and 
80 ms) after extinction of the fixation spot. As indicated in Fig 4.2D, two 
different target configurations have been employed. In configuration A, the 
eye fixated initially at the center position. The first target was flashed at 
(21,60) deg, whereas the second target appeared at the same retinal loca­
tion as the adaptation target: (21,0) deg. In configuration B, the initial 
fixation point was at (21,240) deg. The targets now flashed at (21,60) deg 
and (34.6,30) deg, relative to the initial fixation point. Subjects were in­
structed to fixate both subsequent targets in the correct order as quickly 
and accurately as possible. Note, that the required second saccade in con­
figuration В has the same movement coordinates as the adaptation saccade, 
although none of the retinal stimuli coincided with the adaptation target. 
In contrast, the visual coordinates of the second stimulus in configuration 
A, but not any of the required eye movements, correspond to the adaptation 
target. Note also that both targets have already been extinguished before 
the first saccade has started. 
• The auditory amplitude test [ Subjects JO, JV, MF, RD, RW ] 
We used a set that consisted of two fixation spots, either at (0,0) or at 
(14,90) deg, a visual target at (21,0) deg or an auditory target at (25,0) 
deg. All four fixation spot/target combinations were presented in random 
order (Fig 4.2E). 
• The auditory direction test [Subjects JO, MF] 
Intermodal transfer of adaptation to a shift in target direction (see above) 
was studied by presenting either a visual target at (21,45) deg or an auditory 
target at (25, 45) deg (Fig 4.2F). Initial fixation was always at (0, 0) deg. 
Definit ions 
We will use the following nomenclature in the rest of this chapter: 
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Figure 4.2: 
Target sets presented during the various test phases. Open circles denote visual 
target positions; filled circle corresponds to adaptation target T\. Open square 
designates auditory target position. Arrows indicate required saccade vectors dur-
ing the tests. For clarity, catch-trial target positions have been left out. A: Whole 
field test. B : Fixed vector test. C: Amplitude test. D: Double step test. Broken 
vectors show required saccade sequence for condition A; solid vectors correspond 
to condition B. E: Auditory amplitude test. F : Auditory direction test. (See text 
for detailed description of the paradigms). 
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• 
• 
• 
The first peripheral target that is presented during the adaptation phase is 
denoted as the adaptation target or 7\, with polar coordinates (Γι, Φι) deg. 
The saccade vector, S, evoked by the adaptation target is denoted as the 
adaptation saccade, and has amplitude R and direction Φ (in deg). 
• Relative saccadic gain change, in this chapter, is defined as 
G
s
 = 1.0 - - t í - (4.1) 
Ярге 
where i?p0st denotes the amplitude of the saccade in the post phase and 
Apre is the mean amplitude of the saccades towards the same (visual or 
auditory) target in the pre phase. 
• Similarly, relative target gain change is determined by 
GT = 1.0 - Щ (4.2) 
with Г2 the retinal eccentricity of the target after the adaptation-inducing 
intrasaccadic target jump (see above). 
In order to quantify the extent of amplitude adaptation of a saccade in the 
post phase, independent of target eccentricity, we have defined the following 
measure AR\ 
_GS _ Ti AR 
AR
-G-T-ur-R^
 ( 4
·
3 ) 
with AT = T\— T2, the difference between the initial and final eccentricity of 
the adaptation target and AR = i?pre — ^post > *^ e difference between the 
amplitudes of the post-phase saccade and the mean pre-adaptation response 
towards a specific test target. 
In this way, the changes in saccadic output are normalized for the changes 
in the target during the adaptation phase. Note that an Лд-value of 0.0 
indicates no amplitude change between a post-phase saccade and the mean 
saccades in the pre-adaptation phase and a value of 1.0 means an adaptation 
level equal to the relative change of the adaptation target. Values above 
1.0 can occur if the adaptation is even stronger, whereas negative values 
indicate an inverse effect, i.e. an amplitude increase due to an amplitude 
shortening effect. 
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In our amplitude adaptation paradigm ^ = /2i 0-14 o) = ^·0> s o t n a t 
Л R 
AR = 3.0 · фй= (4.4) 
In a similar way, we have defined a measure for the amount of directional 
adaptation of post-phase saccades towards the target: 
saccadic direction shift Фрге — $post ,
 л
 „
ч AA = ; — — = — - ^ (4.5) 
target direction shift A<Pt 
where Фр
Г е p o s t denotes the (mean) direction of the saccade and ΔΦί = 
φ 1 — φ 2 ïs the shift in direction of the adaptation target (in deg). In the 
direction adaptation experiments ΔΦί = 15.0 deg (see above). Thus, this 
equation can be succinctly rewritten as 
A
 ф
р г е - Φ ρ 0 8 ί .. -л 
A
*= ilo ( 4 · 6 ) 
4.3 Results 
General remarks In line with earlier reports in the literature (see Introduc­
tion), the amplitude adaptation paradigm led to a considerable and gradual de­
crease of saccade amplitude in most of our subjects. We noted that amplitude 
adaptation was often more pronounced for saccadic responses obtained at the end 
of the adaptation phase, than for those in the post phase (see e.g. Fig. 4.4A). 
However, highly significant -Ад-values of about 0.4 and higher were frequently 
observed for post-phase saccades towards the adaptation target (see Table 4.1). 
Spearman's rank correlation coefficient between the post-phase trial numbers and 
the Ад-values of the saccades to the adaptation targets was not significant for all 
subjects (p > 0.1). This indicates that adaptation remained stable throughout 
the post phase. 
In three subjects, however, mean AR did not differ significantly from 0 during 
the adaptation phase nor in the post phase. It is noteworthy that in these sub­
jects no significant changes were observed between the pre- and post-adaptation 
responses to all other test stimuli either. These three subjects all reported that 
they noticed the target displacement throughout the adaptation phase. Possibly 
the timing of the stimulus jump was not optimal for sufficient saccadic suppres­
sion of vision in these subjects. 
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Also some experienced subjects reported that they were aware that the target 
changed its position during the first couple of trials of the adaptation phase. This 
phenomenon vanished during adaptation and their results did not differ from 
unaware subjects. 
In one experienced subject (JO) we performed an additional control experim-
ent, in which all experimental conditions were kept identical, except that the 
target did not jump during the 'adaptation phased Though the subject was not 
aware of this manipulation, saccade amplitude remained constant throughout this 
experiment (data not shown). This indicates that non-adaptational factors like 
fatigue, loss of concentration, or familiarity with the goal of the experiments did 
not play a significant role in the observed changes of saccadic output. 
All subjects that responded in the amplitude adaptation phase by a de-
crease of saccade amplitude, also exhibited significantly smaller amplitudes of 
saccades towards the adaptation target in the post phase. The direction adap-
tation paradigm led to a considerable shift of saccade direction in both subjects 
tested (see Table 4.1). 
Saccade properties As is shown in Fig. 4.3, primary saccade amplitude de-
creased gradually in the course of the adaptation phase. Initially, saccadic over-
shoots with respect to the final target position (T2) were followed by a correction 
saccade in the opposite direction. The amplitude of this secondary response de-
creased steadily with the shortening of the primary saccade, until it disappeared 
altogether (Figs. 4.3 and 4.4A). Typically, the adaptation took about 60 trials to 
reach a steady level. After that a mean saccade amplitude of about 15 deg was 
observed, although fluctuations were considerable. 
In Fig. 4.4 a quantitative analysis of various properties of the primary and sec-
ondary saccades during the adaptation phase is presented. These properties con-
cern the metrics of the primary and secondary saccades (Fig. 4.4A), their timing 
(Fig. 4.4B) as well as their dynamical properties (Fig. 4.4C,D). For comparison, 
the corresponding values of the pre phase (left side of panels) and the post-phase 
responses towards T\ (right side) have also been included. From Fig. 4.4A (top 
panel) it can be noted that after a few post-phase responses, saccade ampli-
tude reaches an intermediate adaptation value {AR at the end of the adaptation 
phase: 0.72; steady level in post phase: 0.46). This behaviour was typical for 
all adapted subjects. As was mentioned above, this mean post-phase adaptation 
level remained stable in all subjects throughout the course of the experiment. 
In order to test whether the secondary saccade would tend to occur earlier and 
earlier with respect to the primary saccade, we investigated the timing properties 
of both the primary and corrective saccades. As can be seen in Fig. 4.4B (top 
Results 81 
Subject 
AM 
CG 
JG 
JO 
JV 
KK 
LM 
MF 
RD 
RW 
Subject 
JO 
MF 
AR 
-0.02* 
0.33 
0.03* 
0.31 
0.42 
0.63 
-0.07* 
0.31 
0.46 
0.38 
Α
φ 
0.77 
0.66 
σΑ
κ 
0.13 
0.08 
0.11 
0.07 
0.12 
0.15 
0.07 
0.06 
0.11 
0.12 
σΑφ 
0.19 
0.18 
Table 4.1: 
Mean AR- and Αφ-values (with standard deviations) for saccades made to the 
adaptation target in the post-phase. For three subjects the adaptation paradigm 
had no effect (indicated by *). In the other subjects adaptation differed signifi­
cantly from 0 (t-test, p< 0.01). Means and standard deviations were calculated 
over individual responses within one experimental session. 
panel), first-saccade onset latencies with respect to the appearance of the adap­
tation target T\ did not vary systematically throughout the adaptation phase. In 
addition, the intersaccadic interval (I S I), defined as the time difference between 
second saccade onset and first saccade offset, remained constant during this phase 
(bottom panel). 
The dynamical characteristics of the saccades were quantified by three param­
eters: Maximum velocity (Vmax)i Duration (D), and Skewness of the velocity 
profile (S). The latter was taken as the ratio between the time-to-peak velocity 
and saccade duration (e.g. Van Opstal and Van Gisbergen, 1987). In short, we 
obtained no evidence that the main sequence characteristics of the primary sac-
cades were changing during the gain-shortening adaption paradigm. Figs. 4.4C 
and D show, that Vmax °f the primary saccades as well as their duration, D, de­
creased along with the smooth decrease of amplitude (compare with Fig. 4.4A). 
Table 4.2 presents the linear regression results for the R — Vmax> R — D and 
D — S relations for all of our adapted subjects. The correlation coefficients for 
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Figure 4.3: 
Graduai decrease of saccade amplitude. Typical eye position traces measured dur­
ing the gain-shortening paradigm (subject RD). Time scale is relative to primary 
saccade onset. Numbers indicate trial number in which saccades were made. De­
spite considerable scatter in the intersaccade time, the primary and secondary 
saccades do not tend to overlap temporally in the progress of the adaptation. 
the R — Vmax and R — D relations all differed significantly from 0 (t-test, ρ 
< 0.001). The slopes of the fitted lines equalled the slopes locally determined 
on the corresponding pre-phase data. Unfortunately, this last comparison could 
not always be made, since sufficient pre-phase main sequence data could only be 
obtained in the whole field test and the amplitude test. Due to the relatively 
large scatter and the expected weak effect over the small range of durations, the 
D — S correlation coefficients failed to reach significance in two subjects (p > 
0.05). Nevertheless, all data sets yielded negative slopes, showing a slight but 
consistent tendency for the saccades to become less skewed as saccade duration 
decreases (average value of 5 « 0.35 is well within the normal range; see e.g. Van 
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Figure 4.4: 
Saccade parameters before, during and after amplitude adaptation. In all pan­
els, saccade parameter is given as a function of trial number. Dotted lines mark 
start and the end of the adaptation phase. Open circles denote primary saccades, 
asterisks correspond to the first correction saccade of each trial, r is correlation 
coefficient (τ) between saccade parameter and trial number during adaptation. 
Data from subject RD (cf. Fig. 4-3). A: Primary saccade amplitude (top) and 
correction saccade amplitude (bottom). Both amplitudes decrease gradually as a 
function of trial number. B: Neither saccade latency (top panel), nor intersac-
cade interval (ISI, bottom panel) change systematically with trial number. C: 
Peak velocity of primary saccade decreases with trial number and hence along 
with saccade amplitude. D: Saccade duration decreases in the same way. All 
correlations, except f or those in panel B, are highly significant (p < 0.005). 
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Opstal and Van Gisbergen, 1987). 
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Figure 4.5: 
Results from whole-field test. Asterisks denote the endpovnts of first saccades 
made m the post-phase towards the adaptation target (T\), open circles denote 
the endpomts of other first saccades made in the post-phase. The corners of the 
octagons represent the centres of gravity of the pre-adaptation saccades averaged 
for each of the 24 targets. The adaptation target is at T\ = (21,0) deg (filled dot). 
Initial 
fixation point for all trials was at (0,0) deg. Data from subject MF. Note, that 
strongest adaptation occurs for saccades towards T\ and for the diagonal responses 
of the same amplitude. Smaller amplitude saccades are markedly less adapted (see 
text, for details). Data from subject RW were qualitatively similar. 
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A: R - VMAX RELATIONS: 
Subject 
C G 
J V 
K K 
M F 
R D 
RW 
mean 
slope 
10.6 
14.6 
7.7 
15.8 
8.4 
10.8 
11.3 
offset 
161.7 
158.2 
212.0 
139.9 
218.5 
211.0 
183.6 
г 
0.42 
0.68 
0.52 
0.71 
0.73 
0.56 
В: R - D RELATIONS: 
Subject 
CG 
J V 
K K 
M F 
R D 
RW 
mean 
slope 
3.2 
2.1 
2.8 
1.5 
1.7 
1.4 
2.1 
offset 
20.8 
31.4 
29.4 
39.4 
40.5 
42.0 
33.9 
г 
0.40 
0.44 
0.76 
0.49 
0.49 
0.37 
С: D - S RELATIONS: 
Subject 
CG 
JV 
KK 
MF 
RD 
RW 
mean 
slope -10 3 
-1.9 
-2.1 
-1.3 
-3.1 
-2.3 
-3.3 
-1.9 
offset 
0.54 
0.51 
0.54 
0.60 
0.55 
0.61 
0.51 
г 
-0.18 
-0.15* 
-0.11* 
-0.29 
-0.16 
-0.17 
Table 4.2: 
Fit parameters of least squares regression for the relations between saccade am­
plitude and maximum velocity (A) and duration (B). Note that all correlation 
coefficients r are highly significant (p< 0.005). Table С gives the least squares fit 
parameters for the duration - skewness relation. In all but two subjects (*) there 
was a weak (p < 0.05J, but significant, negative correlation (see text). 
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Spatial transfer of adaptation In Fig. 4.5, endpoints are shown of primary 
post-phase saccades obtained from the whole field test (see Fig. 4.2A and Meth­
ods). Note, that adaptation is largest for saccades directed at the adaptation 
target (Ti) (AR = 0.44). The range of directions on which the adaptation still 
appears to have an effect is larger than 90 degrees, since saccades both in the 
±45 deg directions, but with the same target eccentricity are still shortened 
(AR = 0.42). Remarkably, small saccades in the direction of the adaptation 
target are much less adapted (AR = 0.17). Target eccentricities larger than 
T\ = 21.0 deg were not presented in this test. 
Testing for adaptation effects over a much larger range of saccade amplitudes 
([7 — 35] deg), made it necessary to use different starting positions of the eyes (see 
Methods). In order to assess whether the mere shift in initial eye position would 
somehow affect the amount of amplitude adaptation, we therefore first measured 
saccadic eye movements in the fixed vector test (Fig. 4.2B and Methods). As can 
be seen in Fig. 4.ЗА, the amount of adaptation remained essentially unchanged. 
The amplitude-range for adaptation was then more elaborately investigated 
in the amplitude test (see Fig. 4.2C and Methods). Saccade amplitude was varied 
by changing the initial eye position along the horizontal axis. As can be noted in 
Figure 4.6: 
Results of fixed vector and amplitude tests. A: The effect of initial eye position 
on the strength of adaptation. Mean ÄR-values (with standard deviations) are 
shown for saccades made to a target with the same retinotopic coordinates as the 
adaptation target (T\ = (21,0) deg), but from different initial fixation positions 
on the horizontal axis (0 deg vector shift corresponds to the central fixation po-
sition; the shift of initial eye position is leftwards). Data from three subjects. 
For easy comparison among subjects, AR-values are normalized with respect to 
the maximum value for each subject. The data of JO and MF have been slightly 
shifted horizontally, in order to avoid overlapping SD-bars. In none of the cases 
a significant effect of initial eye position was obtained. B: The effect of saccade 
amplitude on the strength of adaptation, shown for three subjects (same scale as in 
A). The spatial position of the visual target was kept at Τ = (21,0) deg. Saccade 
amplitude was manipulated by changing initial fixation relative to the target. Note 
a strong dependence of AR on amplitude. The peak value is always obtained for 
saccades towards the target at 21 deg retinal eccentricity. Both smaller and larger 
eccentricities lead to a highly significant and gradual decrease in the adaptation 
value. 
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Figure 4.7: 
Results of the double step tests. Data are from subject MF. A: Endpoint dis­
tributions of the saccades evoked by the second target step for configuration A. 
Dashed lines connect the initial fixation spot, at (0,0), with the two flashed targets 
at retinal coordinates (21, 60) and (21, 0) deg, respectively. Circles (o) repre­
sent second saccade responses in the pre-phase, whereas crosses (+) correspond 
to post-phase end points. Amplitude decrease of these saccades was much smaller 
than the control adaptation saccade made from (0,0) to (21,0) (AR = 0.22±0.02 
in A, compared to AR = 0.42 ±0.05 for control). B: Same convention for config­
uration В responses (Target jumped from screen coordinates (21, 240) to (0, 0) 
and (21, 0), respectively). Note that now a strong amplitude decrease for the sec­
ond saccades resulted in the post-phase (AR = 0.66 ± 0.12J. The saccades evoked 
by the first target step were not altered by the adaptation (AR = —0.09 ±0.06; not 
shown in the figure). Qualitatively similar results were obtained for the other two 
subjects: (JO: Cond. A: AR = -0.11 ±0.02, Cond. B: AR = 0.26±0.06; Control: 
AR = 0.47±0.06. PH: Cond. A: AR = -0.02 ±0.01, Cond. B: AR = 0.20±0.06 
Control: AR = 0.50 ± 0.13 
Fig. 4.3B, saccade amplitudes that are either larger or smaller than the adaptation 
saccades are significantly less affected by the gain-shortening paradigm. 
In summary, the adaptation phase did not lead to a change of all saccadic 
output. In this sense one could speak of a 'restricted adaptation field ': effects 
were restricted to a region centred around the visual coordinates of the adaptation 
target, T\. Increasing deviation from the direction qr eccentricity of this target 
resulted in a gradual decrease of the adaptation effect. 
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In order to determine whether the occurrence of adaptation requires (1) a 
target defined by its retinocentric coordinates and (2) a visual stimulus, we per­
formed two additional sets of experiments which allow for a separation of these 
requirements. 
Double step responses. The double step test was designed to dissociate the 
apparent dependence of adaptation on either the visual coordinates of the target 
(Configuration A) or the motor coordinates of the saccadic responses (Configu­
ration B; see Methods). Therefore, in configuration A the second target of the 
double step was presented at the same retinal position, as the target in the adap­
tation phase. The subject, however, was instructed to make an initial saccade 
towards the first target, causing the eye movement towards the second target to 
have a different direction than during the adaptation phase. 
In configuration B, however, the reverse was true. Now, the retinal coor­
dinates of the second target, differed substantially from the coordinates of the 
adaptation target. However, the required movement vector from the first to the 
second target in this condition was identical to the adaptation saccade coordi­
nates. 
The results of these tests are shown in Fig. 4.7. Note, that the effect of 
adaptation is much stronger for the second saccades in condition В (AR = 0.66 ± 
0.12) than for those in condition А (Ад = 0.22 ± 0.02). The other two subjects 
yielded qualitatively similar results (see legend). In other words, adaptation is 
preserved under the condition in which the required movement rather than the 
retinal position of the target, equals the adaptation phase condition. 
Modality transfer of adaptation The possible dependence of adaptation 
transfer on sensory modality was investigated by comparing saccadic responses 
of similar metrics towards visual and auditory stimuli. Note, however, that adap­
tation was imposed by a visual stimulus only. As can be seen in Fig. 4.8A and 
B, the gain-shortening paradigm led to a decrease of both the amplitude of visu­
ally elicited saccades into to the adapted region, and of primary saccades toward 
auditory targets. Though scatter is larger in the auditory evoked saccades, in 
both panels a significant shift of saccade endpoints can be observed (Visual: 
AR = 0.40 ± 0.04; Auditory: ~ÄR~ = 0.56 ± 0.13). 
Direction adaptation gave similar results: not only did the visually elicited 
saccades shift towards the final target direction, also the auditory evoked saccades 
underwent a similar change (Fig. 4.8C and D; Visual: Αφ = 0.66±0.18; Auditory: 
~Ц = 0.40 ±0.3). 
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Figure 4.8: 
Transfer of adaptation to auditory-evoked eye movements. Endpoint distributions 
of saccades made to auditory targets (right-hand side) are compared with similar 
saccades made to the visual adaptation target (left-hand side). Pre-adaptation 
saccades are shown as circles, whereas post-adaptation saccades are represented 
by crosses. Subject: MF. Top: Amplitude test. Τ denotes the position of the 
adaptation target (21, 0) deg. Note, that both the visual (A) and auditory (B) 
evoked saccades are significantly adapted. Bottom: Direction test. The dashed 
line represents the direction of the adaptation target. Again both populations (C: 
visual; D : auditory) of post-phase saccades differ significantly from the pre-phase 
responses. 
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Figure 4.9: 
Comparison between adaptation strengths AR for visually elicited saccades (ab-
scissa) and auditory evoked saccades (ordinate). Each point represents the mean 
value (±SD) of one subject. Circles ( with solid fit line) correspond to responses 
in the adapted direction, whereas asterisks (with dotted fit line) represent saccades 
to the same spatial target position, but from a fixation point that was shifted 14 
deg upward (See Methods; auditory amplitude test). Note that in the latter case, 
both visual and auditory adaptation have decreased substantially. 
As is indicated in Fig. 4.9, for all subjects, the strength of the induced ampli-
tude adaptation was of equal order for the visually as well as the auditory evoked 
saccades (open symbols, solid fit line). 
Shifting the initial fixation point to 14° upwards (see Methods and Fig. 4.2E), 
changed the direction of the required goal-directed saccades, but left the spatial 
position of the targets unchanged. This condition led to a strong reduction of the 
adaptation effect for the visually evoked movements, and also for the auditory 
evoked saccades (see Fig. 4.9, cross symbols, dashed fit line). 
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4.4 Discussion 
General summary of results In our experiments we imposed a change in 
either the amplitude or the direction of saccadic eye movements, made from a 
specific visual fixation point to a specific visual target position. Our data indicate 
that the resulting adaptation transfers completely to saccades made under a 
variety of experimental conditions: 
• Shifting the initial fixation position, but keeping the retinal coordinates of 
the target the same: the fixed vector test (Fig. 4.ЗА). 
• Changing the position of the target on the retina, but keeping the required 
eye movement the same: the double step test (Fig. 4.7B). 
• Changing the modality of the stimulus: the auditory test (Figs. 4.8 and 4.9). 
When, on the other hand, we presented targets that required a saccade of a 
different direction or amplitude than the adaptation saccade, transfer was not 
complete or even absent: 
• The whole field test (Fig. 4.5), and the amplitude test (Fig. 4.3B), 
• The double step test (Fig. 4.7A) 
• The visual/auditory test with saccades from a different initial position, but 
towards the same spatial location (Fig. 4.9). 
In summary, short-term adaptation transfer does not depend on either eye po­
sition, retinal position, spatial target position or stimulus modality as such, but 
appears to be solely determined by the oculocentric coordinates of the target, 
as they are updated after each saccade. Remarkably, this feature also holds for 
auditory-evoked saccades, even though acoustic targets are initially represented 
in a head-centered reference frame. We therefore conclude that this form of 
adaptation is expressed in an oculocentric frame of reference, at a level where 
saccadic eye movements are multimodally encoded as an ensuing vectorial eye 
displacement, also known as motor error. 
Adaptation transfer to different saccade metrics We did, however, ob­
serve a certain amount of adaptation transfer to saccades of different amplitudes 
and directions (Figs. 4.5 and 4.3B). As required saccade amplitude and direc­
tion increasingly deviated from the adaptation saccade, the adaptation value for 
these saccades systematically decreased. From our data it appears that the effect 
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of adaptation is restricted to a range of saccadic displacement vectors, centred 
around the adaptation saccade. A succinct description of this phenomenon would 
be given by the term 'restricted adaptation field'. 
The notion of a 'restricted adaptation field' is different from the idea of 'para­
metric adjustment' (McLaughlin, 1967, Deubel, 1987; see Introduction), which 
predicts an equal adaptation value for saccades of a certain direction, irrespective 
of their amplitude. However, since the observed adapted field is rather broad 
(Figs. 4.5 and 4.3B), testing of saccades in all directions over a large range of 
amplitudes is required in order to reveal its existence. In earlier studies (e.g. 
McLaughlin, 1967; Deubel, 1987) the amplitude range investigated was probably 
too small to demonstrate a significant difference between these two possibilities. 
As has been suggested by Deubel et al. (1986), there is a possibility that a 
complete transfer of adaptation to all saccadic amplitudes within a given direc­
tion might be obtained, if during the adaptation phase fixed-vector targets are 
presented throughout the oculomotor range. Although we have not checked this 
prediction (we used a fixed eye position / target configuration), complete transfer 
of adaptation was obtained for equal saccade vectors generated in other parts of 
the oculomotor range (see results of the fixed vector test; 4.ЗА). This indicates 
that the saccadic system is able to generalize its deficit for different conditions. 
Restricted field adaptation can be considered as a conservative strategy of the 
saccadic system: only the specific motor output that requires changes is actually 
altered. The fact that some spatial transfer does occur might reflect the way in 
which saccades are programmed in the brain (see below). 
An important difference with long term adaptation studies in which e.g. the 
whole visual scene is homogeneously manipulated (Henson, 1978), or where a 
muscle paresis or nerve palsy affects all saccades in a certain direction (Kommerell 
et ai, 1976; Abel et ai, 1978; Optican and Robinson, 1980), is that in these cases 
a parametric gain change is the only appropriate response for the saccadic system. 
Possibly, this difference might explain the observed different time courses of both 
forms of adaptation. 
Saccade dynamics In our experiments we did not observe any abnormalities 
in the dynamical properties of saccades during or after the adaptation phase. 
During the gain-shortening paradigm, the amplitude of the saccades decreased, 
along with their maximum velocity and duration. This kept the main sequence-
characteristics of these saccades, however, intact (Fig. 4.4C,D and Table 4.2). The 
timing of the primary and secondary saccades (latency and intersaccadic interval) 
as well as the overall shape of the saccade velocity profile (skewness) remained 
unaffected. Therefore, we cannot subscribe to the hypothesis that short-term 
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adaptation is effective at the level of the pulse-step generator as was proposed by 
Semmlow et al. (1987) and et al. (1992). FitzGibbon et al. (1985) reported, that 
adapted saccades in the rhesus monkey have considerably lower peak velocities 
than normal saccades of equal size. Since no such effect was observed in our data, 
we cannot support their theory of the generation of temporally overlapping sac-
cades either (see Introduction). Also our finding, in agreement with Albano and 
King (1989), that the correction saccade during adaptation does not systemati-
cally shift towards (and into) the primary saccade (Figs. 4.3 and 4.4B) is at odds 
with this latter hypothesis. Perhaps, in monkey a different adaptation strategy, 
involving different neural pathways, is followed. 
Modality transfer Our finding that visually-induced adaptation carries over 
to auditory-evoked saccades reveals an interesting property of multisensory in-
tegration. As was mentioned in the Introduction, the auditory system does not 
have a representation of space at the receptor organ. In order to create an internal 
representation of space, indirect cues in the auditory signal have to be related, 
through learning, to spatial information provided by other modalities (most no-
tably the visual system). This principle of 'the eye guides the ear' (Harris, 1986) 
has been described in the literature before. In addition to behavioral evidence, 
which shows that auditory evoked orienting is disrupted in animals with distorted 
vision (Knudsen and Knudsen, 1985), it has been shown that in such animals the 
topographical map of acoustic space at the level of the Superior Colliculus in 
neonate guinea pigs and young barn owls docs not evolve normally (Withington-
Wray et ai, 1990; Knudsen and Brainard, 1991). Our experiments suggest that 
such audio-visual interaction is manifest in short term adaptation as well. 
Indeed, a simple strategy of keeping the motor commands from the auditory 
and the visual systems in register, is to let the necessary changes occur in a 
common multi-modal stage. 
Conditions without transfer of adaptation Recently, Erkelens and Hulle-
man (1993) provided evidence that not all saccades whose metrics belong to the 
adapted region are affected. A similar finding was reported by Deubel (1993), 
who noted that short-term adaptation appears to be sensitive to context changes. 
In the paradigm of Erkelens and Hulleman (1993), voluntary-generated ('self-
paced') saccades towards a permanently present visual stimulus were adapted 
by gain-shortening. It was found that the induced adaptation does not transfer 
to similar saccade vectors, triggered by target onset ('reflexive saccades'). This 
may suggest that at least this type of short term adaptation does not affect the 
final common pathway of saccade generation. However, a closer inspection of 
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their Figs. 4 and 5 reveals a smaller, but still significant transfer of adaptation 
to reflexive saccades as well in most of their subjects. It would therefore be of 
interest to know whether adaptation of reflexive saccades, as is studied in this 
paper, would affect self-paced eye movements. 
Neurophysiological Interpre ta t ion Neurophysiological recordings have shown 
that, prior to the initiation of a saccade, a large population of neurons in the deep 
layers of the Superior Colliculus (DLSC) is recruited ( e.g. Mcllwain, 1982; Ottes 
et al, 1986). It is thought that the SC encodes a desired eye displacement vector 
(i.e. initial motor error) in a topographically organized motor map. A similar 
coding of saccades has been shown to exist in the Frontal Eye Field (FEF) (Bruce 
and Goldberg, 1985). 
In such a motor map the polar coordinates of a saccade (its amplitude, R, 
and direction, Φ), are represented along approximately perpendicular anatomical 
dimensions (Robinson, 1972; Ottes et al, 1986; Bruce et al, 1985). Each indi­
vidual cell fires maximally prior to a saccade of a certain movement vector, but 
is also recruited whenever a saccade within a restricted region around its optimal 
vector is being made. The range of movements for which a cell fires is known as 
its movement field, and the weighted output of the ensemble of recruited cells is 
thought to result in the desired eye movement (Lee et al, 1988). 
The DLSC as well as the FEF are also known to receive information from 
various sensory modalities (Meredith and Stein, 1986; Peck, 1987; King and 
Palmer, 1985; Jay and Sparks, 1984; Bruce, 1988) and both have been shown 
to contain a representation of auditory space, which is expressed in oculocentric, 
rather than in head-centered, coordinates (Jay and Sparks, 1984; Bruce, 1988). 
In both the FEF ( Goldberg and Bruce, 1990) and the DLSC ( Mays and 
Sparks, 1980), the activity of cells matches the oculomotor coordinates rather 
than the retinal coordinates of a target, if these two coordinate-systems are dis­
sociated in a double-step task. 
The programming of saccades at the level of the deep layers of the DLSC and 
of the FEF shows striking similarities with the transfer properties of adaptation 
that we have described in this paper: 
1. The adaptation is transferred to a restricted region around the adaptation 
saccade, that is bounded by both direction and amplitude ( see Figs. 4.5 
and 4.3B). 
2. This region is encoded in ocular displacement coordinates, rather than in 
retinocentric coordinates ( see Figs. 4.3A and 4.7). 
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3. Adaptation is multi-modal, as it is transferred from visually-guided saccades 
to auditory-evoked eye movements ( see Figs. 4.8 and 4.9). 
Suppose, that short-term adaptation leads to a change in the firing rates of 
the specific ensemble of cells ( in FEF, DLSC or both), which is responsible for the 
generation of the adaptation saccade. It is then expected, due to the distributed 
nature of the population code, that a slightly differently-directed movement will 
also be somewhat changed. The more a movement deviates from the altered 
vector, the smaller the overlap between its recruited population and that of the 
adapted saccade, and therefore, the smaller the effect of adaptation on such 
a saccade. This prediction is in line with the restricted adaptation fields we 
observed in our data (Fig. 4.3B). 
Although the major output of the FEF is transmitted topographically to the 
DLSC (Schlag-Rey et al., 1992), it is known that the FEF also has direct access 
to lower brainstem centers, bypassing the DLSC (Schiller et al., 1980). It has 
been suggested that therefore the SC is not part of the final common pathway 
for all saccadic eye movements. 
In this respect the results of collicular electrical stimulation in trained mon-
keys after the gain-shortening paradigm are of interest (FitzGibbon et al., 1985). 
It was shown that stimulation at sites where movement fields correspond to the 
visually adapted saccades, did not yield adapted eye movements. Instead, the 
saccades remained unaffected. Several interpretations may explain this result, 
ranging from adaptive mechanisms implemented upstream from the DLSC (such 
as the temporal overlap hypothesis or FEF-brainstem pathway; see above), to 
downstream mechanisms involving the cerebellum (FitzGibbon et al., 1985, 1986), 
but quantative recordings in FEF and DLSC are needed in orde to discriminate 
among these possibilities. 
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Chapter 5 
Coordination of Hand 
Movements and Saccades: 
Evidence for a Common and a 
Separate Pathway 
5.1 Introduction 
In daily life, many human activities involve the coordinated actions of eyes and 
hands. Our knowledge about the control of these motor systems, however, is 
based mainly on results of experiments in which these motor systems have been 
studied separately. Only in a limited number of studies has the coordination of eye 
and hand movements been studied directly. Generally, in such studies the reaction 
times were measured of fast goal-directed hand and saccadic eye movements to 
targets whose position and moment of appearance were unknown to the subject 
before their presentation. The interest of the investigators was focused on whether 
eye and hand responses occurred in a fixed order and whether their reaction times 
were related to each other. Prablanc et al. (1979) found that in a pointing task the 
eyes, on average, preceded the hand by 100 ms. However, the reaction times of 
eye and hand movements were only poorly correlated (r = 0.5). The latter finding 
led the authors to suggest that command signals for eye and hand movements are 
processed in parallel. Weak correlations were reported by Biguer et al. (1982) too. 
Contrastingly, Herman et al. (1981) found highly correlated reaction times of eye 
Adapted from: Μ.Λ. Frena and C.J. Erkelens (1991) Experimental Brain Research 85: 
682-690 
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and hand movements in a similar task (r = 0.8). They concluded that a central 
command system initiates a patterned response of eye and hand movements. In 
a later study, Gielen et al. (1984) found that the correlation between the reaction 
times of eye and hand responses was modest (r = 0.5). However, in an experiment 
in which they presented two targets simultaneously, they found that eye and hand 
always moved towards the same target. Gielen et al. (1984) concluded that eye 
and hand movements are initiated by different command signals but that eye and 
hand share the signal which specifies the desired end position. 
The different findings may indicate that the computation of correlation co-
efficients between reaction times of eye and hand movements made in a single 
movement task is not sufficient to give clear insight into the control of coor-
dinated eye and hand movements. In the present study we investigated fast, 
goal-directed eye and hand movements to stimuli which are known to affect the 
reaction times of eye or hand movements. The rationale for using such stimuli 
was that, if eye and hand are using command signals in common, reaction times 
of responses of both systems should change in a similar way in these conditions. 
We used two different stimulus conditions about which we know from the 
literature that they affect the reaction times of fast hand movements and/or 
saccadic eye movements. 
1. Knowledge of the target position seems to have a stronger effect on the 
reaction times of hand movements than on saccadic reaction times (Megaw 
and Armstrong, 1973; Posner et al, 1978). 
2. When a visual stimulus is accompanied or immediately followed by another 
stimulus, e.g. an auditory stimulus, reaction times of hand movements are 
shorter than when the visual stimulus is presented alone (Bernstein et al. 
1969; Simon and Craft 1970). The same is true for saccadic eye movements 
( Chapter 6). 
We investigated hand and saccadic eye movements made under these stimulus 
conditions by comparing their reaction times and initial movement directions. 
Our data show that saccades were solely made on the basis of the visual in-
formation. On the other hand, knowledge or expectation of the target position 
in addition to visual information played a role in the generation of hand move-
ments. These findings suggest that hand movements and saccades are controlled 
independently of each other in such tasks. Saccades and hand movements were 
tightly coupled when the presentation of the target was slightly delayed relative 
to the instruction to respond, suggesting that in this condition saccades and hand 
movements were made on the basis of shared cognitive information. This result 
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suggests that saccades can be generated by two different mechanisms. We discuss 
these findings in terms of the functional significance of several neural pathways 
for which it has been shown neurophysiologically that they are involved in the 
control of hand movements and/or saccades. 
5.2 Methods 
Subjects 
Four subjects participated in the experiments. They had visual acuities of 20/20 
or better, with (2 subjects) or without (2 subjects) correction. None of them 
showed any ocular or oculomotor pathologies. One subject (CE) was experienced 
in oculomotor and manual tracking research. The other subjects were participat-
ing in such experiments for the first time. Informed consent was obtained from 
all subjects before they embarked on the study. 
Apparatus 
The apparatus used for the presentation of the target and for the recording of 
the hand movements has been described by Van den Berg et al. (1987). Sub-
jects were requested to hold a vertical handle in their right hand throughout the 
experiments. This handle could be moved in a straight line along a horizontal 
rail over a range of 50 cm. The handle was attached to a continuous, perforated 
metal belt running over two cog-wheels. The position of the handle was measured 
with a resolution of 0.01 cm by means of an optical shaft decoder attached to one 
of the cog-wheels. A torque-motor was attached to the same cog-wheel. Strain 
gauges built into the handle were used to measure the forces exerted by subject's 
hand on the handle. The force signal in or against the direction of movement was 
fed back to the torque-motor in order to reduce the mechanical reaction force 
experienced by the hand of the subject. 
Horizontal movements of the right eye were measured with an induction coil 
mounted in a scleral annulus in an a.c. magnetic field as first described by Robin-
son (1963) and modified and refined by Collewijn et ai, (1975). The dynamic 
range of the recording system was d.c. to better than 100 Hz (3 dB down), noise 
level less than + 10 and deviation from linearity less than 1 % over a range of 
+ 25°. The head position of the subjects was not restricted by any mechanical 
support. This meant that we were not able to measure the gaze direction exactly. 
Since we were only interested in the timing and direction of saccadic eye move-
ments we found the existence of a comfortable and natural viewing condition for 
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the subject more important than precise recording of the gaze direction. 
Two horizontal arrays of light emitting diodes (LEDs), one array above the 
other separated by 1 cm, were positioned in front of the subject at a distance 
of about 50 cm. Each array consisted of 240 LEDs equidistantly positioned at 
0.25 cm from each other. In each array only one LED was lit at a time. The lit 
LED in the lower array of LEDs (green) indicated the target position while the 
lit LED in the upper array of LEDs (red) indicated the position of the vertical 
handle held by the subject's right hand. 
A microprocessor (Motorola) was used for stimulus generation and data ac-
quisition. Positions of the vertical handle, of the right eye and of the head were 
digitized on-line at a frequency of 512 Hz with a resolution of 3.5 for the eye 
and head position and of 0.01 cm for the hand position. The sampling period 
had a duration of 1.5 s starting at the moment of extinction of the central target. 
Between trials the data were transferred to an HP A900 mini computer system 
where they were stored on disk for off-line analysis. 
Procedure 
The experiments were carried out in a normally lit room which contained many 
visual cues. The subjects were sitting on ordinary chairs and could move their 
torso and head freely. The duration of a session was limited to half an hour. 
The LED array used for the presentation of the targets was placed about 5° 
below eye level, parallel to the belt to which the vertical handle was attached. 
The vertical distance from the handle to the LED array was adjusted such that 
the subject indicated that he could move his hand comfortably without getting 
tired. Subsequently the handle and the LED which indicated its position were 
aligned vertically. 
The sensitivity of the eye movement recorder was adjusted at the start of 
each experimental session. A calibration target containing 10 successive, equally 
spaced fixation marks, was presented. The subject fixated in turn each mark 
while the polarity, gain and offset of the signal for eye position were inspected 
and adjusted. After these adjustments, voluntary gaze shifts made in two ways 
between the calibration marks were recorded. The gaze shifts were made by eye 
movements while the head did not move. 
An experimental session always contained two experiments, namely a test and 
a control experiment. The order of the two experiments was balanced over the 
four subjects. 
In the control experiment, the subject was asked to fixate and point at the 
target (the green, lit LED) which was positioned straight ahead (at 0° eccen-
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tricity). The target remained in this position for a period of time which was 
randomly chosen between 2 and 5 s. Then it jumped to a position at 10 or 20° 
eccentricity to either the left or right side. The subject was asked to fixate and 
point at this target position as quickly as possible. In a series of 48 trials the 4 
target positions were presented 12 times in a pseudo-random order. 
In the test experiments the task was the same as in the control experiment. 
However, the experimental conditions were different. Three different conditions 
were tested either alone or in combination. 
Condition 1: Knowledge of the target position. Before each trial the eccentric 
target position was indicated for 2 s. As in the control experiment the 
moment of target appearance was unpredictable. 
Condition 2: The presence of an auditory co-stimulus. A low-frequency sound 
pulse (0 — 500 Hz, 20 ms, 90 dB) was presented simultaneously with 
each displacement of the target to an eccentric position. The loudspeaker 
which produced the sound pulses was positioned straight behind the central 
fixation target so that the sound neither provided information about the 
position of the visual target nor served as a target itself. 
Condition 3: The gap stimulus. The appearance of the target at one of the 
4 eccentric positions occurred 200 ms after the extinction of the central 
fixation light. The subjects were instructed to initiate the movements as 
soon as possible after the extinction of the central target. This implied that 
the subjects had to guess the target position. The actual presentation of the 
peripheral target motivated the subjects to guess its position throughout 
the whole experiment. 
Data analysis 
In the off-line analysis, onsets of eye and hand movements were detected by a 
velocity threshold of 40 cm/'s for hand movements and 200 °/s for saccadic eye 
movements. A velocity of 40 cm/s is reached after about 20 ms from the initia-
tion of fast goal-directed hand movements larger than about 7.5 cm (Wadman et 
al, 1979). A velocity of 200 °/s is reached about 10 ms after the initiation of sac-
cades larger than about 5° (Collewijn et ai, 1988). By using these criteria it was 
possible to detect hand responses as well as primary saccadic eye responses reli-
ably and the detection of smaller corrective saccades was ruled out. The validity 
of the criteria was checked by visual inspection throughout all experiments. 
The moment in time when speed exceeded the threshold was defined as the 
moment of movement detection. Reaction time was defined as the time interval 
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between the disappearance of the central target and movement detection. Due 
to the used detection thresholds the presented hand reaction times were about 
20 τη« longer and the saccade reaction times about 10 ms longer than the "true" 
reaction times, defined as the time interval between the disappearance of the 
central target and the movement onset. 
Reaction time and initial movement direction were computed from the posi­
tion signals of eye and hand. Subsequently the data were analysed by computing 
linear correlation coefficients and using a t-test for the comparison of means. 
5.3 Results 
Pooling of the data 
The fast goal-directed movements made to the four different target positions did 
not result in reaction times that differed significantly from each other (p > 0.05). 
This was true for the hand movements as well as for the saccades. For the 
saccades, which had amplitudes between 5° and 20°, this finding is in agreement 
with data from Findlay (1983) who compared the latencies of saccades of different 
sizes obtained from a number of studies. For this reason the mean reaction times 
presented in this study are the result of data pooled from movements towards all 
four target positions. 
Effects of knowledge 
The subjects changed their fixation to the targets by making saccades. These 
saccades were always made in the correct direction irrespective of whether the 
position of the target was known or unknown to the subject prior to the ap­
pearance of the target. Hand movements did not always start in the appropriate 
direction when the target was presented at an unexpected position. Occasionally, 
which means in 8 out of 768 trials, the hand started to move in the wrong direc­
tion (Fig. 5.1, bottom panel). Such mistakes were not observed in the 192 trials 
in which the target position was known to the subject before the presentation of 
the target. 
The mean reaction times of saccades and hand movements are shown in 
Fig. 5.2. Comparison of these reaction times in the four subjects shows that 
relatively short saccadic reaction times do not predict relatively short reaction 
times for hand movements. For instance, subject MF produced saccades with 
the shortest latencies of our subjects. However, the reaction times of his hand 
movements were longer than those of any of the other subjects, 
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Figure 5.1: 
Typical position profiles (continuous lines) of saccades and hand movements made 
to the target positioned at 20° eccentricity to the right. The responses were made 
to targets of which the position was unknown before their presentation. An atyp­
ical response is shown by the dashed lines. Movements of equal line type were 
made in the same trial. 
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Figure 5.2: 
Means and SDs of reaction times of saccades and hand movements obtained from 
the different subjects. The responses were made to targets of which the position 
was unknown (left bars) or known (right bars) before their presentation. 
Knowledge of the target position had clearly different effects on the reac­
tion times of hand movements and saccades. The mean reaction time of hand 
movements decreased between 14 and 42 ms in the different subjects when the 
position of the target was known beforehand. This decrease was highly signifi­
cant (p < 0.001) in all subjects. The mean reaction time of saccades tended to 
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be slightly increased for known target positions. However, this increase was not 
significant. 
The different effects of knowledge on the reaction times of hand movements 
and saccades suggest that these movements are generated via different mecha-
nisms. The observation, that the hand movements occasionally started in the 
wrong direction but that the saccades were correctly made in each trial, points 
in this direction too. In order to make our suggestion more convincing, we car-
ried out another experiment in which the wrong hand movements occurred more 
often. 
Effects of the auditory co-stimulus 
The target was always presented at unpredictable positions in the experiments 
in which we examined the effect of an auditory co-stimulus on the reaction times 
and initial direction of hand movements and saccades. The correlation between 
the reaction times of hand and eye movements was very low in the test as well 
as in the control experiment. On the basis of 192 trials correlation coefficients of 
about 0.1 were found in both conditions. 
350 3501 
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Figure 5.3: 
Means and SDs of reaction times of saccades and hand movements obtained from 
the different subjects. The responses were made to targets of which the position 
was unknown before their presentation, The visual stimulus was presented alone 
(left bars) or accompanied by an auditory co-stimulus (right bars). 
Mean reaction times of hand and eye responses made in the presence or ab-
sence of a co-stimulus are shown in Fig. 5.3 for the four subjects. The mean 
reaction times found in the control experiment were similar to those measured in 
the previous experiment (Fig. 5.2). The means of the reaction times, obtained 
Results 109 
from the same control experiment but recorded on different days, differed by less 
than one standard deviation from each other with the exception of the mean 
reaction times of the hand movements of one subject (MF). 
The mean reaction times of the hand movements as well as of the saccades 
decreased significantly (p < 0.001) in the presence of the co-stimulus. The mean 
reaction times of the hand movements decreased considerably. The decreases 
ranged from 44 to 60 ms in the different subjects. The decreases were more 
moderate for saccades, ranging from 12 to 44 ms over the subjects. 
The presence of the auditory co-stimulus affected not only the reaction time 
but also the percentage of movements made in the incorrect direction. About 
35 % of the hand movements started in the wrong direction when the co-stimulus 
was present. The saccades, however, were made in the correct direction without 
exception. Thus, in 35 % of the trials the eyes and hand started to move in 
opposite directions. 
Differences in reaction time changes and differences in initial movement di-
rections strongly suggest that saccades and hand movements are generated via 
independent pathways. The experimental results further showed that saccades 
were made exclusively on the basis of visual information. We carried out another 
experiment to find out which information is used for the generation of saccades 
when visual target information is not directly available. 
Effects of a "gap" in the target 
The presence of a gap in the visual stimulus affected the hand and eye responses 
of the subjects. The changes observed in subject PK were rather different from 
those demonstrated by the other subjects. Due to the presence of the gap the 
mean reaction time of the saccades increased by 210 ms in subject PK (Fig. 5.4). 
This increase closely resembles the duration of the gap. Thus, when related 
to the moment of target appearance, the reaction times of his saccades were very 
similar in the presence or absence of a gap within the visual stimulus. The re-
action times of the hand movements made by this subject changed somewhat 
differently. In the presence of the gap the mean reaction times of his hand move-
ments increased by only 134 ms, which indicated that factors other than visual 
ones had influenced the reaction times. Inspection of the initial movement di-
rections led to a similar conclusion. For the hand movements the number of 
responses in the wrong direction had increased to 5 % while the saccades were 
always made in the correct direction in the presence of the gap. 
The behaviour of the three other subjects was rather different and more inter-
esting with respect to the control of coordinated eye and hand movements. Two 
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Figure 5.4: 
Means and SDs of reaction times of saccades and hand movements obtained from 
the different subjects. The responses were made to targets of which the position 
was unknown before their presentation. The eccentric target was presented with­
out delay (left bars) or with a delay of 200 ms (right bars) after the extinction of 
the central target. 
subjects showed no significant difference between the reaction times of the hand 
movements made to a target without or after a gap, while the mean reaction time 
for subject MF increased by 53 ms. The reaction times of the saccadic responses 
was significantly (p < 0.001) changed in the two conditions. The increase in 
the mean reaction time ranged from 14 to 86 ms in the three subjects when a 
gap was present. Hand as well as saccadic responses started shortly after or even 
before the reappearance of the target. Therefore, it seems likely that hand as 
well as saccadic responses were induced by the extinction of the central target 
and not by the appearance of the target at its eccentric position. Inspection of 
the initial movement directions makes this conclusion even more likely. About 
50 % of the hand and the saccadic responses were initially made in the wrong 
direction. This suggests that the subject did not start these movements on the 
basis of visual information but started them by guessing the target position. 
The correlation between the reactjpn times pf saccades and hand rnqvements 
was higher for stimuli with a gap than fpr gap-less stimuli (Fjg. 5.5). On the 
basis of 192 trials correlation coefficients, of about 0.5 were found, fpr gap stimuli, 
whereas they were about 0.1 for gap-less stirnuli. 
An interesting observation was further that in practically all trials the sac-
cades and han4 movements started in t^P §аще directipn. Fig. 5.6 shpws that tliis 
close relationship between saccades and hand movements was riot limited tp the 
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Figure 5.5: 
Scatter plots of saccadic versus hand reaction times recorded from one subject 
(CE) during the presentation of gap stimuli (A) and gap-less stimuli (B). 
initial part of the movements. In spite of the very different dynamical properties 
of the eye and hand, synchrony in the movement corrections was clearly present 
in the movement profiles. 
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Figure 5.6: 
Typical position profiles of saccades and hand movements made to the target 
positioned at 20° eccentricity to the right. The responses were made to targets of 
which the position was presented 200 ms after the extinction of the central target. 
Movements of equal line type were made in the same trial. 
The close relationship of saccades and hand movements made in response 
to gap stimuli was further demonstrated by the change in reaction times when 
an auditory co-stimulus was used in combination with the gap stimulus. The 
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mean reaction times of saccades and hand movements were decreased by similar 
amounts in the presence of the co-stimulus, in contrast to the very dissimilar 
behaviour when gap-less stimuli were used. The decrease in the means ranged 
from 48 to 90 ms for the saccades and from 36 to 94 ms for the hand movements 
in the different subjects. 
The very similar behaviour of eyes and hand when the target position is 
guessed suggests that, in this condition, saccades and hand movements are made 
on the basis of shared cognitive information. 
5.4 Discussion 
Condition-dependent coordination 
The present results show that the coordination of hand movements and saccades 
depends on the conditions under which these movements take place. When the 
target was displaced at unexpected moments to unpredictable positions but re­
mained visible all the time, our results were similar to those reported by Prablanc 
et ai, (1981) and Gielen et ai, (1984). Reaction times of hand movements and 
saccades were only poorly correlated, which suggests parallel and independent 
control. The different effect that knowledge of target position and of the pres­
ence of the auditory co-stimulus has under this condition on the reaction times 
of hand movements and saccades further support this view. Different initial di­
rections for the hand and eye movements indicate this independent control too. 
Movements of the hand and eyes made in different directions were not found by 
Gielen et al., (1984). These authors observed that eye and hand always moved 
to the same position when two targets were presented simultaneously. In this 
experiment the double target created an ambiguous target position. Therefore 
it is not likely that the target position was selected by the subjects on the ba­
sis of visual information alone. Information other than visual information must 
have been used for the specification of the target position. In this respect the 
presentation of two targets at the same time may have elicited the same response 
in the subject as presenting a Visual target but after some delayj which Was the 
technique used in our gap stimuli experiments. In this condition we also found 
that eye and hand movements were always made in the same direction. 
In reaction time tasks in which the target ів visually specified, this visual 
target information is differently used for the generation of hand movement and 
saccades. The occasionally wrong movement directions suggest that for hand 
movements visual information is weighted against other information such as for 
instance knowledge or expectation. In the control experiments visual information 
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dominated other information almost completely (only a few errors). When the 
auditory co-stimulus was used, the number of mistakes was higher (about 35 % 
errors). The reaction times in the presence of the co-stimulus were considerably 
shorter than when this stimulus was absent. Thus, the weight of the visual in-
formation seems to increase with the duration of its presence. This conclusion 
is in agreement with that of Ghez and coworkers (Hening et al., 1988; Favilla 
et al, 1989, 1990), who stated that before target presentation subjects prepare 
a default response whose amplitude and direction is biased by prior experience 
with the targets presented in the task. After target presentation, visual informa-
tion gradually determines the responses by progressive adjustment of the default 
parameters. For the generation of saccades this progressive weighting of visual in-
formation seems not to occur. The 100 % correct saccades show that when visual 
information becomes available it immediately dominates other sources completely. 
The introduction of the short delay between the extinction of the central 
target and the appearance of the eccentric target changed the coordination of the 
hand movements and saccades considerably. In this condition the hand and the 
eyes made movements as if they were driven by a common source. Almost all 
hand and eye movements were made in the same direction and time courses of 
the hand movements seemed to be smoothed copies of those of the saccades. The 
similar decreases of hand and saccadic reaction times effected by the presence of 
an auditory co-stimulus support this view. The 50 % correct movements show 
that in the presence of the gap, hand and eye movements were made on the basis 
of knowledge or expectation of the target position, whereas visual information 
was not used at all. The initiation of the responses occurring even before or 
shortly after the appearance of the target supports this conclusion too. 
The gap stimulus has been used before mainly to study saccadic reaction 
times. Fischer and Boch (1983) reported the existence of so-called express sac-
cades in monkey in response to this stimulus. Express saccades were characterized 
by their extremely short reaction times of the order of 70 ms. The existence of 
express saccades in man was shown by Fischer and Ramsperger (1984). The 
reaction times of these express saccades were of the order of 100 ms. The dis-
tribution of reaction times was bimodal in both man and monkey. The subjects 
in our experiment apparently did not produce express saccades. The presence 
of express saccades in the experiments of Fischer and Ramsperger (1984) and 
their absence in our experiments is probably related to the different instructions 
given to the subjects. Fischer and Ramsperger (1984) instructed their subjects 
to respond to the onset of the peripheral target. As was discussed before, the 
saccades made in the present experiments, except those made by subject PK, 
were probably related to the extinction of the central target. Moreover, since 
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the eccentric target appeared only after 200 ms the reaction times (defined rela-
tive to the disappearance of the central target) of express saccades should have 
been centred around 300 ms. Fig. 5.4 shows that in three subjects the reaction 
times were much shorter. The fourth subject (PK) responded to the appearance 
of the eccentric target, but he did not make express saccades either. Further, 
inspection of the distribution of reaction times showed that they were normally 
distributed. Other authors have also failed to find express saccades (Saslow 1967; 
Reulen 1984). This may indicate that express saccades only occur when subjects 
are specifically instructed to respond to the onset of the peripheral stimulus. 
Fischer and Rogai (1986) used the gap stimulus and the overlap stimulus (the 
eccentric target appears 200 ms before the extinction of central fixation target) 
to study the coordination of eye and hand movements. They instructed their 
subjects to respond to the onset of the eccentric target. They used correlations 
between reaction times of saccades and hand movements to draw conclusions 
about the degree of coordination. They reported very short reaction times and 
poor correlations for the gap data and long reaction times and high correlations 
for the overlap data. At first sight, these result may seem to contradict the present 
results. However, they are in agreement when the different instructions given to 
the subjects are taken into account. Independent control of saccades and hand 
movements and thus poor correlations were found in both studies when the reac-
tion times were short and, therefore, visual information of the target was shortly 
present (gap paradigm in the study of Fischer and Rogai (1986), co-stimulus 
paradigm in the present study). Control was dependent and correlations high 
when the reaction times were long and visual information of the target was ei-
ther present for a relatively long period of time (overlap paradigm in the study 
of Fischer and Rogai (1986)) or absent (gap paradigm in the present study). 
Thus, both studies support our previous conclusion that, after target presenta-
tion, visual information becomes gradually available for the generation of hand 
movements but is almost immediately effective for the generation of saccades. 
A possible relationship to neural substrates 
Our results suggest that saccades can be generated by two different mechanisms, 
one using only visual information and the other one based on prior experience. 
The second mechanism seems to be used for the generation of saccades as well as 
of hand movements. 
How does this evidence for two different mechanisms of saccade generation 
relate to our existing knowledge about neural pathways used for the generation 
of saccades and hand movements? There is evidence in the neurophysiological 
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literature that several pathways from the visual cortex to the oculomotor sys-
tem can be used for the generation of saccades. Saccades elicited by electrical 
stimulation of the striate cortex or of the posterior parietal cortex are abolished 
when cooUng of the superior colliculus is combined with ablation of the frontal 
eye fields (Keating et ai, 1983, 1988). Lesion of either regions alone does not 
inhibit saccadic eye movements (Schiller et ai, 1980). 
The use of several distinct neurophysiological pathways for saccade generation 
may be reflected in the two response modes that are reported in this chapter. It 
seems reasonable that the more cortical pathways ( frontal eye fields, but also 
parietal cortex) correspond to the path that is shared by the saccade and hand 
motor system, whereas the more direct visual projections ( from VI to the deep 
layers of the Superior Colliculus), reflect the purely visually-based representation 
that is only used by the saccadic system. 
Several areas are known to be involved in the generation of hand movements 
as well as of saccades. For instance, the basal ganglia form a structure that is 
most certainly involved in the generation of hand and saccadic eye movements. 
The different nuclei in this area, i.e. the putamen, the globus pallidus and the 
caudate nucleus receive topographically ordered input from the visual cortex, the 
auditory cortex, the sensorimotor cortex and somatosensory cortex. These nuclei, 
which have a role in the specification or adjustment of task parameters, formulate 
goals and choose strategies for the achievement of motor acts (Arbib 1989). 
The present experimental results may indicate under which conditions the 
different pathways are used. Suppose that sudden changes occur in the visual field 
to which someone wants to respond. In such a condition saccades are probably 
generated via the reflexive, visual pathway, independent of the generation of limb 
movements. However, when someone decides to respond to a selected, but visually 
unchanged target, the saccades and limb movements are probably generated via 
a common cortical pathway. 
Concluding remarks 
The present results show that saccades can be made on the basis of two differ-
ent internal representations of the target. An interesting question is whether 
switching between the two internal representations is caused by an active con-
trol mechanism or whether the internal representation used merely results from 
a "winner takes all" strategy. An indication in favour of the latter option may 
be the fact that the reaction times of saccades were on average 50 ms longer 
for gap stimuli than for gap-less stimuli (Fig. 5.4). In this option, saccades were 
generated via the slower 'cortical' pathway when the target was invisible. How-
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ever, when the target was visually specified, the command signals following this 
pathway were outrun by signals using the faster 'reflexive' pathway. 
The different strategies used for hand movements and saccades can be under­
stood from the difference in the task that has to be executed by hand and eye. 
Guessing the target position speeds up the initiation of hand movements. Mis­
takes can be corrected immediately provided they are detected before or shortly 
after the initiation of the movement (Van Sonderen et al. 1988, 1989). Mistakes 
may have more undesirable consequences for saccades. A saccade made in the 
wrong direction may place the target outside the visual field. Such a condition 
would considerably delay the successful completion of both tasks, i.e. pointing 
at and fixation of the target. First the target would have to be found again by 
scanning the environment with eye and/or head movements. 
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Chapter 6 
Spatial and Temporal Factors 
that Determine Audio-Visual 
Interactions in Human 
Saccadic Eye Movements 
6.1 Introduction 
Humans, as well as other animals are equipped with various specialized senses 
which provide them with information about their environment. Several of these 
sensory systems represent the spatial location of an object on the basis of the 
received sensory input. This information about stimulus location can already be 
present at the level of the sensory organ, as is the case in the visual and the 
somatosensory systems, or it can be neurally derived on the basis of indirect 
cues, as in the auditory system. Many of the objects that surround an organism, 
however, provide it with sensory information through various modalities at the 
same time. 
In the literature, there is accumulating evidence that multimodal information 
about an object's location can lead to a reduction of the response latency and to 
an improvement of localization accuracy. For example, it has been shown that 
a motor response towards a visual target can be made with a shorter latency 
when this target is accompanied by an auditory signal at the same location. 
Simon and Craft (1970) have investigated this effect for arm movements, and 
Adapted From: M.A. Frens, A.J. Van Opstal, and R.F. Van Der Willigen (1995) 
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Lee et al. (1991) report qualitatively similar findings for saccadic eye movements. 
In both studies this effect was not present when the visual and the auditory 
stimulus were presented at opposite sides of a central fixation point. Perrott et 
al. (1990) showed that the time to foveate and identify one of two visual symbols 
was markedly reduced when an auditory co-stimulus was spatially aligned with 
the visual target, not only if the targets were presented in the far periphery, but 
even if the stimuli were presented within the subject's parafoveal visual field. 
Stein et al. (1988) reported that, under near-threshold conditions, cats are 
able to localize combined audio-visual targets more accurately than visual targets. 
In their study, cats were trained to make whole body movements towards dimly 
lit visual targets, thereby learning that the presence of an auditory stimulus was 
irrelevant. Nevertheless, the animals performed better when an audio-visual cue 
was presented in spatial alignment. Performance dropped dramatically when the 
auditory and the visual stimulus were spatially disparate. 
It should be noted that such audio-visual interactions pose far from trivial 
problems to the nervous system, since the different sense organs initially encode 
the outside world in very different ways. Firstly, the visual world is encoded 
retinocentrically, whereas auditory cues are represented with respect to the pin-
nae. For humans, this results in a craniocentric code, since the pinnae are im-
mobile with respect to the head. Secondly, the retina is a spatially organized 
structure , whereas the cochlea has a tonotopic organization. From various bin-
aural and monaural cues, present in the acoustical signal at the eardrums, the 
azimuth and elevation of a sound source appear to be derived through separate 
neural pathways, involving binaural and monaural processes (see Blauert,1983; 
Irvine,1986). It is generally recognized that in order to respond to a multimodal 
(e.g. an audio-visual) target, the different modalities must, at some stage in the 
neural programming, be merged into a single frame of reference (e.g. Stein and 
Meredith, 1993). 
We wondered which rules underlie the generation of multimodally evoked tar-
geting movements in human subjects. We have chosen the saccadic eye movement 
system as a model system to study this problem since it is a very precise nat-
ural orienting system in primates and much has been learned about the neural 
pathways that are involved in these movements. We therefore have investigated 
whether gradual changes in audio-visual spatial and temporal alignment result 
in systematic changes of relevant saccade parameters. 
Part of the results described in this chapter has been presented in abstract 
form (Van Opstal et al., 1993). 
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6.2 Experiment 1 
Experiment 1 was designed to study the spatial factors that rule multimodal 
interactions in saccadic eye movements. 
M e t h o d 
Subjects Three male volunteers, aged 24, 27 and 36 years, participated in this 
experiment. All subjects were without any known uncorrected visual, auditory 
or oculomotor deficits, except subject JO, who has a strong dominance of one 
eye and is basically monocular. From this subject, movements of the amblyopic 
eye were measured. 
Experimental Setup Experiments were performed in a completely dark, sound 
attenuated room (3 x 3 x 3 m) in which acoustic reflections above 500 Hz were 
strongly reduced by means of sound-absorbing foam covering walls, ceiling and 
floor. The average background noise level was 30 dB (SPL). Subjects were com­
fortably seated in a chair with a head support which prevented them from making 
head movements. Stimulus presentation as well as data acquisition were con­
trolled by a PC-386 equipped with a data acquisition board (Metrabyte Dasl6). 
Auditory noise stimuli were generated by a white-noise generator (Hewlett 
Packard HOI-3722a), band-pass filtered (150 Hz - 20 kHz, Krohn-Hite 3343), 
amplified (Luxman 58A) and presented through a speaker (Philips, AD44725). 
The speaker was mounted on a two-joint robot arm which was controlled by a 
second computer (PC-486). The robot enabled rapid positioning of the speaker 
anywhere on the surface of a virtual sphere with a radius of 0.9 m, centered at 
the subject's head. Between trials, the speaker was first moved to a randomly 
chosen peripheral location. In this way, sounds produced by the two stepping 
motors did not provide the subjects with any cues about the speaker's position. 
Visual targets were red LEDs (radius 0.3 deg), mounted on an acoustically 
transparent wire frame, which constituted a spherical surface just proximal to 
the range of the robot (r = 0.85 m). Viewing was binocular. 
Movements of the right eye were measured in two dimensions by means of the 
scleral coil technique (Collewijn et α/., 1975). In short, the subject was seated 
in a rapidly oscillating horizontal and vertical magnetic field (30 and 50 kHz), 
generated through two orthogonal coils ( 3 x 3 m). The coils did not obstruct the 
visual field of the subjects, nor did they disturb the sound field. 
A scleral search coil (Skalar Instruments, Delft) was placed on the subject's 
right eye. 
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The magnetic induction voltage in this scleral coil is directly proportional to 
its orientation with respect to the magnetic fields. In this way, eye position can 
be accurately measured with a resolution of about 0.25 deg in all directions. 
In order to decompose the signal from the scleral coil into a horizontal and a 
vertical component of eye position, it was passed through two phase-lock ampli­
fiers (PAR 128A) that used the driving signals for the horizontal and the vertical 
field respectively, as a reference signal. The resulting position signals were then 
low-pass filtered at 150 Hz, before being collected by the data acquisition board. 
The sampling rate was 500 Hz for both the horizontal and the vertical components 
of eye position. Each trial consisted of two seconds of recording time, starting 
400 msec before presentation of the peripheral stimuli. 
In order to calibrate the recorded eye movements, we asked our subjects to 
foveate visual targets on the horizontal and on the vertical axis at eccentricities 
of 2, 5, 9, 14, 20, 27 and 35 deg from straight ahead. The signals that were thus 
obtained were used to calculate off-line linear regression lines between the target 
coordinates and horizontal and vertical eye position signals, respectively. This 
method provided accurate calibration for all directions. 
Experimental Protocol 
• Subjects were first required to foveate a visual fixation spot at straight 
ahead. After a random period of 0.5 to 2.0 seconds the fixation spot was ex­
tinguished and a visual target was presented in the periphery. Synchronous 
with the onset of the visual target, an auditory stimulus was presented 
in 80% of the trials. Duration of each stimulus was 500 msec. Subjects 
were instructed to redirect their gaze as quickly and accurately as possible 
towards the visual target and were explicitly told to ignore the auditory 
non-target. 
• One of four different visual targets was presented at spherical polar coor­
dinates R = 27 deg and φ € [60, 120, 240, 300] deg. In this coordinate 
system, R is the distance from the central fixation spot and φ is the direc­
tion of the target, where φ = 0 deg is to the right and φ = 90 deg is upward 
(Fig. 6.1A). Possible positions of a synchronous auditory stimulus were at 
these same locations. Thus, combined visual and auditory stimuli could be 
presented in one of four spatial configurations: 
1. spatially coincedent ('Coincedent', for shprt) 
2. diametrically opposed to each other with respect to the fixation spot 
('Opposite') 
Experiment 1 123 
3. horizontally aligned but vertically opposite ('Horizontally Aligned') 
4. vertically aligned but horizontally opposite ('Vertically Aligned') 
During each experiment, all possible visual/auditory stimulus combinations 
were presented in random order, randomly interleaved with 'visual only' 
trials, in which the auditory stimulus was not presented (20% of the trials). 
Each of the 20 different stimulus configurations was presented at least 8 
and, if time permitted, 12 times in one experimental session. 
• In separate experimental sessions, the intensities of the visual and auditory 
noise stimuli were set either at 0.15 cd-m~2 and 70 dB(SPL) (here denoted 
as 'High Intensities') or at 0.015 cd · m~2 and 45 dB(SPL) ('Low Inten­
sities'), respectively. Note, that all intensities were well above detection 
threshold. 
• In Chapters 2 and 3 we have shown that the composition of the auditory 
spectrum has a strong influence on a sound's localizability. Therefore, in 
two separate high-intensity experimental sessions, we also selected a differ­
ent spectral content of the auditory stimulus. In one session the spectrum 
was broad-band noise (see above), in the second session it was a sharply 
peaked harmonic spectrum, having its most prominent component at 700 
Hz (58 dB). Higher harmonics in this signal had an intensity that was at 
least 20 dB lower. This stimulus will be referred to as the 'tone-stimulus' 
in the rest of this chapter. 
• At the end of an experimental session, the applied auditory stimuli were 
presented in a separate series, in which they served as targets. This experi­
ment aimed at measuring the latency, accuracy and kinematic properties of 
auditory evoked eye movements of our subjects. If time permitted, auditory 
evoked saccades were also measured towards stimuli that were presented for 
500 msec at random positions throughout the oculomotor range. These ex­
periments served to assess the ability of our subjects to accurately localize 
acoustic targets. 
Data Analysis From the calibrated eye position signal, the onset and offset 
of saccadic eye movements were detected by the computer based on velocity and 
mean acceleration criteria. All detection markings were visually checked by the 
experimenters. Subsequently, saccadic latency L (defined as the time interval 
between target onset and saccade onset, in msec), overall saccade direction φ 
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Figure 6.1: 
Schematic stimulus configuration of the three experiments described in this chap­
ter A: Experiment 1. Visual targets are represented as open circles, auditory 
stimuli as filled squares. Note, that the possible positions of visual and auditory 
stimuli coincide, but that each visual target could be presented in combination with 
any one of the four auditory stimuli or as a unimodal stimulus. B: Experiment 2. 
A larger set of visual target positions was chosen in combination with one of two 
possible auditory stimuli. C: Experiment 3. In all experiments, one of two possi­
ble visual targets was lit as soon as the central fixation spot was extinguished. The 
onset of the auditory stimulus ( at either the same or at the opposite position) 
could appear within a range of -50 ( dashed signal) to +100 msec with respect to 
the visual target onset. 
Neither timing nor target sizes have been drawn to scale. 
(deg), amplitude R (deg) and maximum velocity V
ma
x (deg/sec), were determined 
from the calibrated eye position signals. Trials in which the primary saccade had 
a reaction time outside the 100 - 300 msec interval, were discarded from further 
analysis. For the analysis of latencies, saccades with a direction that deviated 
more than 30 deg from the direction of the visual target, were excluded. 
The radial distance, AR, between the visual stimulus position, V, and the 
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auditory stimulus, A, was defined as 
AR = yJ(Vh-Ahy + (Vv-Avy (6.1) 
in which Vh,V
v
,Ah and A
v
 are the horizontal and vertical coordinates of the 
visual and the auditory target positions (in deg), relative to the straight ahead 
fixation point. 
Resul ts 
Effect on Saccade Trajectories and Kinematics When subjects made sac-
cades towards well lit unimodal visual targets, the trajectories of the movements 
were approximately straight in all four directions. When high-intensity noise 
stimuli were presented in combination with the visual targets, the trajectories of 
the saccades did not change with respect to the visually elicited saccades in any 
of our subjects. However, when the intensity of both stimuli was decreased (see 
Methods), the saccade trajectories depended strongly on the spatial configuration 
of the visual and the auditory stimuli for two of the three subjects (MF and JO) 
in the following way (see Fig. 6.2, for data from subject JO): 
When the auditory noise stimulus was spatially coindedent with the visual 
target, no systematic change with respect to the unimodal visual condition was 
obtained in the saccade trajectories (Fig. 6.2A ). 
However, when the visual and the auditory stimuli were presented 'Vertically 
Aligned' (Αφ = 60 deg), the saccades typically started in a direction that was in 
between the two stimuli. Subsequently, the movement curved in midnight towards 
the visual stimulus (Fig. 6.2C). Within this population of saccades, no significant 
correlation between the initial direction and the latency of the responses was 
found (p > 0.05). 
Increasing the angle between the two stimuli to 120 deg ('Horizontally Aligned') 
or 180 deg ('Opposite'), resulted in straight saccades that were correctly directed 
towards the visual stimulus (Fig. 6.2B L· D). 
Whenever the trajectory of the saccade was not changed by the presence of 
the auditory target, the velocity profile, as well as the duration of the movements 
were always indistinguishable from the unimodal visually driven saccades. 
The trajectories of the third subject (JG) were straight and goal-directed 
under all conditions. 
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Figure 6.2: 
Experiment 1 - Primary saccade trajectories ( solid lines) of subject JO under 
low intensity bimodal stimulation A: Spatially coincedent visual and auditory 
noise stimuli; B: Horizontally aligned stimuli; C: Vertically aligned stimuli; D: 
Oppositely positioned stimuli. 
Open circles indicate the visual target positions ( see Fig. 6.1). For reference, in 
all panels the trajectories of the unimodal visually elicited saccades are indicated 
by dotted lines. Note, that all primary saccades undershoot the target position. 
Effect on Latency 
High Intensity Stimuli The reaction-time results of this experiment are sum­
marized in Fig. 6.3. In Fig. 6.3A saccadic latencies of a representative sub-
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ject (MF) are shown for visual targets in combination with a noise stimulus. 
Both stimuli have the highest applied intensities (see Methods). One can 
see that the presentation of a spatially coincedent auditory stimulus (col­
umn 'Coincedent'), reduces the latency of the response to the visual targets 
by about 50 msec (p < 0.01) with respect to the values found for purely 
visual stimuli. Note that this figure shows the pooled data of the four visual 
targets. This pooling was allowed since in none of the spatially similar mul-
timodel configurations significant differences were obtained for the latency 
distributions of responses toward the four visual targets (p > 0.1). 
Increasing the distance of the auditory target with respect to the visual 
target reduces this latency-facilitation. In the most extreme case tested, in 
which the auditory target was oppositely positioned to the visual target at 
a distance Ail = 54 deg (column 'Opposite'), the effect was absent. This 
reduction of facilitation was significant for all subjects tested. Spearman's 
rank correlation coefficients (Press et ai, 1992) between AR and saccade 
latency for all three subjects are given in Table 6.1. 
In all subjects, the latency distribution of coincedent audio-visual targets 
(second column from left in Fig. 6.ЗА) was similar to the latencies of uni-
modal auditory evoked saccades (right column), which could, at least in 
principle, be explained if under this condition the saccades were acousti­
cally triggered. 
However, several arguments can be raised against this hypothesis. First, 
the accuracy of the responses to the coincedent targets was much higher 
than was found for the auditory guided saccades (compare e.g. Figs. 6.4A 
and 6.4B). In addition, the velocity profiles of audio-visual and visual sac-
cades were stereotyped, in the sense that they obeyed the same relations 
between amplitude and duration, maximum velocity or skewness. In con­
trast, auditory guided saccades were generally slower and followed more 
curved trajectories. Finally, the results of the experiments in which low 
stimulus intensities were employed (see below), show that there can be sub­
stantial differences between the auditory and the coincedent audio-visual 
latency distributions. 
• Low Intensity Stimuli 
In the low-intensity experiment, the latencies of the visually triggered sac-
cades increased considerably with respect to the high-intensity condition 
(see Fig. 6.3B, left-hand column). Nevertheless, the mean latency of au­
ditory evoked saccades remained approximately the same, which resulted 
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in a much larger difference between the means of both unimodal latency 
distributions (in subject MF, high intensity: AL = 35 msec, low intensity: 
AL = 132 msec). Notwithstanding, the absolute effect of spatial alignment 
with the auditory stimulus was of the same order of magnitude as obtained 
in the previous experiment (see also Table 6.1). 
Note, that due to the decrease of intensities, the scatter in latencies of eye 
movements towards the visual targets increased, which reduced the correla-
tions, but kept the slope of the fitted linear relation intact. In contrast, the 
variability in the auditory saccades was not affected. This suggests that the 
visual stimuli were closer to the perceptual threshold than their acoustical 
counterparts. 
• Tone Stimuli If the observed auditory-visual interactions could be attributed 
to a level where both modalities are represented in a common frame of refer-
ence, the localizability of the auditory target should influence the properties 
of the spatial interaction. 
Toward that end we presented a tonal acoustic stimulus (see Methods). 
Fig. 6.4 (data from subject MF) shows that, compared with the broad-
band sound (B), saccade accuracy to a 700 Hz tone was markedly reduced 
Figure 6.3: 
Experiment 1 - Latencies (Subject MF) A: Saccadic latencies (mean ± sd) for 
the five different stimulus conditions in Experiment 1 (schematically indicated 
in bottom panel for one of the visual targets) with high stimulus intensities and 
broad band noise as the auditory non-target (see Methods). Data are pooled over 
the four visual targets. VISUAL = Unimodal visual stimulus; CoiNC = Coincedent 
stimuli ( AR = 0 deg); V E R ALGN = stimuli are vertically aligned, but horizon-
tally opposite ( AR = 27 deg); HOR ALGN = stimuli are horizontally aligned, 
but vertically opposite ( AR = 39 deg); OPPOSITE = stimuli are oppositely po-
sitioned with respect to the central fixation point ( AR = 54 deg); AUDITORY = 
Unimodal auditory stimulus. Note, that the multimodal conditions are represented 
in ascending order of vectorial distance. 
The symbols at the bottom end of this figure examplify each stimulus condition 
for the visual target at (R,&) = (27,60) deg. The visual target is represented as 
an open circle, whereas the auditory stimulus is a filled square. B : Same format 
for low intensity stimuli. 
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Condition 
Noise 
High intensity 
Noise 
Low intensity 
Tone 
Subject 
MF 
JG 
JO 
MF 
JG 
JO 
MF 
JG 
JO 
r (N) 
0.72 (172) 
0.33 (134) 
0.53 (176) 
0.29 (136) 
0.33 (171) 
0.31 (173) 
0.26 (125) 
0.11 (131) 
0.01 (183) 
Lmax [msec] 
156.5 
176.9 
177.2 
262.0 
264.1 
271.3 
166.4 
174.8 
190.5 
σι 
3.2 
5.0 
3.0 
9.2 
6.8 
7.2 
3.0 
4.2 
2.8 
a [msec/deg] 
0.96 
0.46 
0.62 
0.63 
0.75 
0.57 
0.23 
0.16 
0.04 
σ
α 
0.09 
0.13 
0.08 
0.25 
0.18 
0.21 
0.08 
0.10 
0.07 
Table 6.1: 
Experiment 1 -Fit parameters between AR and latency. 
Fit parameters between the radial interstimulus distance, AR, and the latency L 
of the primary saccades are given for all conditions and subjects in Experiment 1. 
r = Spearman's rank correlation coefficient; L
max
 and a are the offset and slope 
of a straight line fitted through the data. Standard deviation of the parameters 
(σ
α
 and аь) were determined by the bootstrap method. 
(C). In both panels, the trajectories of saccades towards the same auditory 
target positions are shown. The data of subject MF are representative for 
all subjects tested. 
Most notably, the horizontal component of the auditory evoked saccades 
had the same high accuracy for both types of sound stimuli. The rank 
correlations between target azimuth and the azimuth of the end points of 
the primary saccades of the subject presented in Fig. 6.4B L· С are 0.97 
(noise) and 0.92 (tone) respectively. Elevation was determined accurately 
for the broad band noise sound (r = 0.94), whereas the vertical component 
was virtually constant and was not related to sound source elevation for 
the 700 Hz stimulus (r = 0.07). This phenomenon has also been described 
in Chapters 2 and 3. Thus, although the physical positions of the acoustic 
stimuli in Fig. 6.4B and С are identical, the subject's saccadic end points 
depended highly on the spectral content of the sounds. 
In Fig. 6.5 it is shown what happens if, instead of the well localizable noise 
stimulus, the poorly localizable (at least in its vertical component) 700 Hz 
stimulus is used in the same experiment as shown in Fig. 6.ЗА. Note that, 
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Figure 6.4: 
Auditory evoked saccade traces -
Data of Subject MF Trajectories 
of primary saccadic eye movements 
from a visual fixation spot at (0,0) 
towards each of the four target po-
sitions that were presented in Ex-
periment 1. A: Saccades to visual 
targets. B : Saccades to broad band 
noise targets in darkness. Scat-
ter in the end points of these sac-
cades is larger than visually elicited 
saccades. Nevertheless, their accu-
racy is quite high (see text for de-
tails). C: Saccades to 700 Hz tone 
targets. Accuracy of the horizon-
tal component in these responses is 
comparable to the saccades evoked by 
broad-band noise, whereas the verti-
cal component is not related to the 
elevation of the target. 
700 Hz TONE 
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instead of the four different levels for saccade latencies in the audio-visual 
conditions of Fig. 6.3A, now only two can be discerned. Reaction time 
reduction was equally effective for the auditory stimuli that had the same 
horizontal component as the visual target ('Coincedent' and 'Horizontally 
Aligned' configurations). Similarly, the two audio-visual stimulus configu­
rations, in which the horizontal components differed by the same amount 
('Vertically Aligned' and Opposite' configurations), showed the same re­
duction of saccadic latency. Under these experimental conditions, in which 
only the horizontal component of the sound source could be localized, the 
distance between the perceived stimulus positions seemed to be the param­
eter that determined the spatial component of audio-visual interactions. 
As a result, both the correlation and the slope are decreased with respect to 
the 'High Intensity' condition (see Table 6.1). Rank correlation with AR/, 
(the horizontal component of the interstimulus distance), however, proved 
to be highly significant in all three subjects: JO: 0.42, MF:0.40 and JG: 
0.37. 
Discussion 
These experiments show that saccadic eye movements made to a visual target that 
is spatially coincedent with an auditory non-target, have shorter latencies than 
saccades that are directed towards the same visual target without an auditory co-
stimulus. When the visual and the auditory stimuli were increasingly separated 
in space, this reduction of reaction time diminished in a gradual way (Fig. 6.ЗА). 
The finding that no differences were found between the latency distributions 
of the four visual targets shows that the effects cannot be due to the presentation 
of visual or auditory targets in different locations in space. Only their relative 
configuration with respect to the fovea ('Coincedent', Opposite', 'Horizontally 
Aligned' or 'Vertically Aligned') determined the saccadic latency. 
Using two different - somewhat arbitrary - sets of visual and auditory intensi­
ties, we found no change in the strength of this spatial effect. The only objective 
of the low-intensity experiment was to increase the latency difference between 
unimodel auditory and visual saccades. Though this study is too limited to infer 
the effect of stimulus intensity over the full range, it does show that the effect 
observed is a rather robust one. Furthermore, the fact that the two unimodal 
latency distributions differ much more in the 'Low Intensity' condition than in 
the 'High Intensity' condition, but that the resulting facilitation is equal for both 
conditions argues against the possibility that the observed latency reduction was 
due to a 'statistical facilitation' (Raab, 1962; see 'General Discussion'). 
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Figure 6.5: 
Experiment 1 - Latencies (Subject MF) Same format as Figure 6.3 for high in­
tensity visual targets in combination with the auditory 700 Hz stimulus. In the 
bottom diagram the perceived auditory stimulus positions, as deduced from the 
data in Fig. 6.4C, are represented as light squares. 
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Under conditions where only the azimuth of the sound source could be accu-
rately determined (tone stimuli), the horizontal separation between the stimuli, 
not their physical distance, determined the spatial component of the interaction. 
This suggests that it is the perceived position of the targets that rules the ob-
served effect. Note, that the site at which these interactions occur must have 
access to both the binaural cues that encode sound azimuth, and the spectral 
cues that are used for elevation detection. This follows from the fact that if these 
elevation cues are present in the sound signal, they also play a role in determining 
the amount of facilitation. 
We have shown, that under low stimulus intensity conditions, also the trajec-
tory of visually-evoked saccades can be influenced by the presence of an auditory 
non-target, provided that it is presented close to the visual stimulus (Fig. 6.2). 
Under these circumstances, the saccade initially starts in a direction inbetween 
the auditory and the visual stimulus. 
In short, these findings indicate that there exists a spatial component in 
the audio-visual interactions that subserve human oculomotor behaviour. The 
following experiment was designed to make a more quantitative estimate of the 
observed phenomena. 
6.3 Experiment 2 
Inspired by data such as in Fig. 6.3, we suspected that a relevant parameter for 
quantifying the spatial effect on saccade latencies by auditory broad-band noise 
stimuli would be the perceived vectorial distance, AR, (see Methods) between 
the auditory and visual stimuli. However, since we only tested a limited set of 
distances ( 0, 27, 39.2 and 54 deg), we felt that we had to explore this point 
further. Therefore, we performed an additional set of experiments in which the 
visual targets were presented throughout the upper half of the oculomotor range, 
in combination with one of two optimally localizable broad-band noise stimuli, 
thus creating a large set of perceived interstimulus distances. 
Method 
Subjects Six male volunteers, ranging in age from 21 to 35 years, served as 
subjects. Two of these subjects ( JO and MF) also participated in Experiment 
1. 
Experimental Setup and Protocol All experimental equipment was the 
same as described in Experiment 1. Visual targets were chosen in random or-
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der from 15 locations in the upper hemisphere of the oculomotor range ( see 
Fig. 6.1B). Target positions were at R € [7, 14, 21] deg and φ e [0, 45, 90, 135, 
180] deg. Synchronous auditory non-targets were at (R, φ) = (27, 45) and (27, 
135) deg. Auditory stimuli always consisted of broad-band noise and stimulus 
intensities were high ( See Experiment 1 for further details). 
Data Analysis As a quantitative measure of the latency change in a response, 
due to the presentation of an auditory stimulus, we defined AL for each primary 
saccade as 
AL = L-L~V (6.2) 
in which L is the latency of the saccade (msec) and L
v
 is the mean latency 
of a subject's responses under visual-only conditions towards that same target 
position. In this way, we could compare the latency effects between different 
targets and subjects. Perceived interstimulus distance, AR, was computed as 
the vectorial distance between the means of the unimodally evoked first-saccade 
end points. 
Results 
In Fig 6.6A, saccadic latency differences AL are shown as a function of stimulus 
separation AR ( data from one representative session with subject JO). As a first 
approximation, the relation between AR and AL was fitted by a straight line, 
AL = AL
max
 + a-AR (6.3) 
where AL
max
 is the maximum effect (in msec) at spatial stimulus alignment, and 
a is the slope of the relation (in msec/deg). This particular experiment yielded 
an offset AL
max
 = —27.0 msec and a slope α = 0.7 msec/deg. Spearman's 
rank-correlation coefficient between AR and AL (r= 0.38) was significant (p< 
0.01). 
Although significant rank correlations were obtained for all subjects, some­
times an experiment yielded non-significant results. Thus, it could happen that 
during one experiment, the presentation of the speaker at one position caused a 
significant effect, whereas the presentation at the other position did not. Of the 
obtained correlations, 50% proved to be not significant. However, the lines that 
were fitted through the individual data-sets always had a positive slope (a > 0). 
The mean rank correlation coefficient was 0.3 ± 0.2 , the mean fit parameters 
were ßALmax = —33± 15 msec and μ
α
 = 0.4 ± 0.4 msec/deg. 
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Since Eqn.(6.3) is an expression between relative variables, AL and AR, it 
is possible to directly compare the data from all subjects. We therefore pooled 
the data of all subjects and determined the optimal fit parameters of Eqn.(6.3) 
on this much larger data base ( Fig. 6.6B). Prom the pooled data (N = 2130) we 
obtained a highly significant (p < 10 - 6 ) rank correlation coefficient between AR 
and AL (r = 0.25), which is of the same order of magnitude as the mean value 
obtained in individual experiments (see above). 
Also the offset AL
m a a ; of —36.2 msec and slope о = 0.55 msec/deg are in 
good agreement with values obtained in single experiments (see above). Thus, 
it seems reasonable to assume that the failure to reach significance in some of 
the separate experiments is due to the fact that the observed effect on saccadic 
latency is relatively small and is masked by the large intrinsic scatter in saccade 
latency. 
The stability of the correlation and the fit parameters of the pooled data was 
tested, using the bootstrap procedure. 
The bootstrap method is a statistical procedure to estimate the confidence 
limits of the fit parameters for a data set, when the underlying probability dis­
tribution of the errors is unknown ( see e.g. Press et al., 1992; Manly, 1991). 
• In short, from the measured set of N data points, a new hypothetical data 
set is generated by randomly drawing, with uniform probability, N points 
from the original data. In general, the overlap between the new and the 
original data set will be approximately 63%. 
• The fit procedure is applied on the new set as if it were the real data set, 
Figure 6.6: 
Experiment 2 - Latencies A: The relation between AR and AL (see text) for a 
typical experimental session with subject JO. Data are shown for all visual targets 
in combination with an auditory stimulus at (R, φ) = (27, 45) deg. Spearman's 
rank correlation coefficient, and the parameters of a linear fit ( Eqn(6.3); indicated 
by the solid line) are given in the figure (N = 75). B: Same plot for the pooled 
data of all six subjects (N = 2130). C: Spearman's rank correlation of data in 
100 subsequent bootstrap trials. All correlations obtained are highly significant. 
Note that the ρ — 0.01 significance-threshold is at r= 0.06. D: Values of a (slope) 
and AL
max
 (offset) of linear fits through data in the same 100 bootstrap trials. 
Note that the parameter values are in the same range as obtained in the individual 
experiment of panel A. 
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resulting in different fit-parameters. 
• Repeating this procedure Ρ times results in a distribution of Ρ values for 
each parameter, from which the confidence limits can straightforwardly be 
determined. 
In 100 bootstrap trials the mean values of r, AL
max
 and the slope a were 
identical (within 1%) to the values of the original data set. The standard devia­
tion of the rank-correlation coefficient was σ
Γ
 = 0.02, and of the fitted slope and 
offset σ
α
 = 0.05 msec/deg and σι, = 1.2 msec, respectively ( see also Fig. 6.6C L· 
D). Thus, all three parameters were significantly different from 0 (p < 10 - 6 ) . 
Discussion This experiment confirms and extends the findings of Experiment 
1, showing that there is a significant correlation between the auditory-visual stim­
ulus distance, AR, and the effect of auditory co-stimulation on visually evoked 
saccadic latency, AL. Despite the large intrinsic scatter in saccadic reaction 
times, we were able to estimate the maximum effect, AL
max
, and its spatial sen­
sitivity, o, in a robust way, due to the large data set at: AL
max
 = —36 ± 1 msec 
and a = 0.55 ± 0.05 msec/deg, respectively. 
Note, that we only found latency reduction, since the vast majority of the data 
points corresponds to a negative AL. Even at large values of AR no increase of 
latencies re. purely visual saccades was obtained. This point will be further 
elaborated upon in the General Discussion. 
6.4 Experiment 3 
The third experiment was designed to study the temporal factor in the effect of 
an auditory stimulus on the latencies of saccadic eye movements towards visual 
targets. In contrast to the previous experiments, the onsets of the visual and 
auditory targets were not necessarily synchronous. 
M e t h o d 
Subjects The subjects were the same persons as in Experiment 1. 
Experimental Setup and Protocol All experimental conditions were iden­
tical to the previous experiments. In this experiment we restricted the number of 
spatial target configurations to four. Only two possible visual and auditory target 
positions were used, at 27 deg to the left and right of the central fixation spot. 
Experiment 3 139 
In these experiments, temporal and spatial disparities between the two stimuli 
were introduced. The spatial configurations can be characterized by 'coincedent' 
and Opposite', respectively. The auditory stimulus could start with a temporal 
onset difference of Δ Γ = [ -50, 0, 50, 100] msec with respect to the visual target 
onset ( see Fig. 6.1С). Stimulus durations were always 500 msec. 
Resul ts 
All three subjects showed similar behaviour in this experiment. The relative 
timing of the visual and the auditory stimulus appeared to have a clear effect on 
the saccadic latencies. Asynchronous target onsets resulted in a gradual change 
of saccade latency, provided that the visual and auditory stimuli were spatially 
coincedent ( see Fig. 6.7). Remarkably, in the condition, in which the visual and 
the auditory stimulus were antimetrically positioned, the timing of the auditory 
target had no significant effect. 
Latency reduction appeared to be optimal in our experiments if the auditory 
stimulus preceded the visual target by 50 msec (AL = -65 msec). If auditory 
stimulation started 50 msec after visual target onset ( but well before the onset 
of the saccades) the interaction was strongly reduced (AL = -25 msec). Note, 
that the condition AT = 0 msec corresponds to our previous experiments. Again, 
we obtained a latency reduction of about 50 msec in this latter condition. 
Discuss ion 
This experiment shows that also the temporal relation of visual and auditory 
stimuli affects the latency distribution of saccadic eye movements. The shortest 
latencies were not observed when the visual stimulus and the auditory stimulus 
were presented synchronously, but when the auditory stimulus preceeded the 
visual stimulus. 
Due to the different speeds of light and sound, synchronously generated visual 
and auditory stimuli will arrive at different moments at the receptor organs. 
In our setup this timing difference is about 2.5 msec. In natural conditions 
these differences can be much larger. However, in all these conditions the visual 
information will always preceed the auditory signal. The different processing 
times at the sensory organs ( Visual : ± 60 msec; Auditory : ± 20 msec ) has 
been thought to play a role in compensating for these timing differences in order 
to promote audio-visual coincedence detection at a multimodal level ( Meredith 
et al, 1987). However, our results show that the auditory stimulus has to preceed 
the visual target. Therefore, the observed phenomenon is hard to explain in terms 
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Figure 6.7: 
Experiment 3 - Temporal factors in multimodal interaction on saccadic latency 
(Subject MF) Saccadic latency as a function of the temporal disparity between the 
onset of the visual target and the auditory stimulus (A T). Note that a negative 
value of AT means that the auditory target preceeds the visual target (Fig. 6.1С). 
Solid lines indicate the latency distribution (mean ± sd) for the coincedent and 
the opposite target configurations. The broken lines show the expected latency 
distributions ( bottom line : mean - sd; top line: mean + sd), if the saccades 
were purely visually triggered ( dashed lines) or purely auditory triggered (dotted 
lines). Note that all latencies are calculated with respect to the onset of the visual 
target. For sake of clarity the Opposite' curve has been shifted slightly to the 
right. 
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of a 'designed' coincedence detection at the neuronal level. 
The curve we measured for the 'Coincedent' configuration resembles the data 
reported by Ross and Ross ( 1981) for the effect of the onset of a ( spatially fixed) 
auditory target that served as a warning signal for a visually guided saccade. 
Similar effects have been found when a visual, rather than an auditory warning 
cue was used to speed up choice reaction times (Bertelson and Tisseyre, 1969). 
Surprisingly, we found no effect on the latency distributions if the auditory 
stimulus was presented Opposite' with respect to the visual stimulus. Therefore 
our results cannot be described as a general warning effect, where the auditory 
stimulus announces the presentation of a visual target. 
In the General Discussion a model is presented which incorporates our spatial, 
as well as our temporal interaction results. 
General Discussion 
Influence on Trajectories and Kinematics It has been shown before that 
when two visual targets are presented simultaneously, a subject often responds 
with a saccade towards the average position of these two targets, provided that 
they are separated by an angle that does not exceed a certain maximum. This 
phenomenon is known as 'target averaging' or 'the global effect'. (Findlay, 1982; 
Ottes et al, 1984; He and Kowler, 1989 ) 
When the two visual targets are not of equal size or matched intensity the 
saccade is directed towards a weighted-average position in which target size or 
intensity serves as a weighting factor ( Findlay, 1982). It is difficult to compare 
the relative intensities of the visual and auditory targets that were used in our 
experiments. However, it should be noted that in the 'High Intensity' condition of 
Experiment 1 no averaging was observed, whereas in the same spatial configura-
tion, averaging of initial saccade direction did occur when 'Low-Intensity' stimuli 
were used in two out of three subjects. This effect vanished if the spatial sepa-
ration between the visual and the auditory stimulus was too large. Apparently, 
the relative intensity of the visual and the auditory stimuli does play a significant 
role in the occurrence of averaging responses to audio-visual stimulation as well. 
A similar phenomenon was reported by Lueck et al. (1990), who showed in 
a different task that the amplitude distribution of auditory evoked saccades is 
influenced by the presence of a nearby (but not by a distant) visual stimulus in 
the horizontal plane. 
Our findings indicate that also the presence of an auditory stimulus can in-
fluence the trajectory of saccades that are directed towards a visual target, when 
142 Section 6.4 
these stimuli are separated in direction by an angle of about 60 deg, under condi-
tions where the visual signal is of poor perceptual quality. A strong competition 
between the auditory and visual modalities is then observed. 
When the trajectory of an audio-visual saccade is not altered with respect 
to the purely visually driven saccades, the saccade velocity profile, as well as 
its duration, remain unchanged, even under low-intensity conditions. Therefore, 
saccades towards spatially coincedent as well as widely separated multi-modal 
targets appear to be normal main-sequence saccades (see Bahill et al, 1975). 
This suggests that the observed interaction between the visual and the auditory 
system takes place at a stage where both the metrics and the latency ( see below) 
of a saccade are specified, but which is not involved in its kinematic properties. 
Facilitation of Reaction Times It is tentative to explain our results in terms 
of a spatially and temporally dependent neuronal interaction. However, also other 
factors, that have earlier been proposed in the literature, should be considered. 
For instance, Zahn et al. (1978) and Perrott et al. (1990) reported a reduc-
tion of saccadic reaction time to coincedent audio-visual stimuli with respect to 
purely visual targets. However, Raab (1962) argued that multimodal facilitation 
is not necessarily due to a neural interaction between the visual and the auditory 
pathways. Based on theoretical considerations it was shown that if the latency 
distributions of both modalities overlap to some degree, the subject may respond 
when triggered by the modality that happens to be available first in a certain 
trial. Thus, a statistical facilitation, rather than a neural interaction may explain 
the shortening of average reaction times in explaining this type of experiment. 
This phenomenon may indeed play a dominant role in the results obtained by 
Zahn et al. (1978) and Perrott et al. (1990), since their subjects made saccades 
toward spatially coincedent audio-visual stimuli only and were not instructed to 
use one specific modality. 
Gielen et al. (1983) showed that in a manual reaction time task, statistical 
facilitation could not account for the differences observed between latencies to 
unimodal and multimodal stimuli. The latency change due to presenting multi-
modal targets appeared to be stronger than could be expected on purely statistical 
grounds ( see also Hughes et al. , 1994, for more recent results). 
A more direct way to rule out statistical facilitation was used in this paper. 
By making the position of the auditory non-target completely independent of the 
position of the visual target, and therefore making the auditory cues irrelevant for 
the correct performance of the task, subjects could not benefit from responding 
to the onset of the auditory stimulus. The fact that the strength of the spatial 
facilitation in this chapter did not depend on the unimodal latency distributions 
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(Fig. 6.3), strongly suggests that statistical facilitation cannot explain our data 
(see, however, below). 
Spatial Factors in Facilitation of Reaction Times As was mentioned in 
the Introduction, the spatial alignment of a visual and an auditory stimulus 
has earlier been reported to contribute to a reduction of reaction times. Lee et 
al. (1991) reported a decrease of 20 msec in saccadic reaction times, when a tone 
was presented spatially coincedent with a visual target, compared to purely visual 
reaction times. They found that this effect was not present when the tone was 
presented in the field contralateral to the visual target. 
We obtained a mean auditory facilitation of spatially coincedent stimuli of 
about 35 msec (see Fig. 6.6B). That the effect appears to be stronger in our 
study, may be due to either the localizability of the sound source ( we have used 
white noise as opposed to the tones used by Lee et al.) or to other experimental 
factors, such as the relative intensities of the visual and auditory stimuli. With 
respect to the latter point, it is important to note that we used two combinations 
of relatively arbitrary intensities (either 'high' or 'low') and did not find a large 
difference in the strength of the effect, even though the difference between the 
latencies of saccades towards unimodal stimuli ( 'visual only' and 'auditory only') 
strongly increased (see Fig. 6.3). 
Furthermore, we showed that the reduction of reaction times steadily de-
creased with increasing stimulus distance, revealing a two-dimensional spatial 
interaction. Saccadic latencies increased with about 0.5 msec per degree stimulus 
separation. 
We have shown before (see Chapters 2 and 3) that, unlike broad-band noise 
stimuli, the elevation of tonal acoustical stimuli is not reflected in the output 
of the audio-oculomotor system. In contrast, the horizontal component ( the 
azimuth) is still as accurate as under auditory noise conditions. Presumably, 
this relates to the fact that in the process of auditory localization, azimuth and 
elevation of a sound source are determined on the basis of different cues in the 
sound signals at the eardrums. Typically, the azimuth of a sound source is derived 
from binaural cues, such as interaural timing and intensity differences. Sound 
elevation, however, is based on spectral filtering by the pinnae, which constitutes 
a monaural cue (see Blauert, 1983, for review). Since, in the case of a single tone 
the spectral filtering is not uniquely related to elevation of a tonal sound source, 
this spatial parameter cannot be extracted unambiguously. 
The results of the experiments using tones, described in this chapter (Fig. 6.3C), 
show that these features of localizability are also found in the interaction between 
auditory and visual stimulation. Under these circumstances the horizontal com-
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ponent of the sound source position determines the strength of the interaction, 
whereas the actual vertical component does not play a role. This agrees with the 
perceived elevation of the tone-stimuli, which is constant (Fig. 6.4C). 
Although the presentation of an auditory non-target could decrease the sac-
cadic reaction times considerably ( in the order of 20 to 30% ), the spatial depen-
dence could be weak and resulted often in non-significant relations. The main 
reason for this seems to be that the scatter in saccadic reaction times is rather 
large by nature. Therefore a weak effect is likely to disappear in the background 
noise. Pooling all normalized data, however, resulted in an effect that was highly 
significant and consistent with the results of the first experiment (Fig. 6.6B). The 
value of the rank correlation coefficient as well as the linear fit parameters were 
comparable with the means that were found in the separate data sets. 
Temporal Factors in Facilitation of Reaction Times We found that also 
the relative timing of the visual and auditory stimuli influenced the strength of 
the latency reduction, provided that the stimuli were in spatial proximity. In 
contrast to the electrophysiological findings of Meredith et al. (1987), we found 
that an optimal facilitation arose if the auditory stimulus was presented slightly 
before or synchronous with the visual target. 
Strikingly, in many of our subjects, the unimodal auditory latencies were on 
average shorter than the unimodal visual latencies. Thus, the observed opti-
mal relative timing seems to play no role in aligning the two unimodal latency 
distributions. 
As discussed above ( Discussion of Experiment 3), the facilitation cannot be 
explained by an aspecific warning signal ( see Ross and Ross, 1981) either, since 
temporal facilitation only takes place when the stimuli are spatially coincedent. 
In what follows, we will present a neurophysiologically inspired model which deals 
whith this paradox. 
Neurophysiological interpretation 
Metrics Electrophysiological recordings have shown that in the Frontal Eye Fields 
(FEF; Bruce and Goldberg, 1985) as well as in the deep layers of the Superior 
Colliculus (DLSC; Sparks et al, 1976; Mcllwain, 1982), saccadic eye movements 
are encoded by a large population of cells in a two-dimensional motor map. 
If two targets are sufficiently close, the populations that would encode the 
individual target positions and the corresponding saccades, might merge into a 
single region of activity with its peak activity at the region that encodes the aver-
age saccade vector. Indeed, simultaneous electrical stimulation at two sites in the 
DLSC produces weighted averaging saccades (Robinson, 1972) . Recordings in 
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the DLSC during averaging saccades show that their coordinates are already rep­
resented at this stage, as a single peak of activity (Van Opstal and Van Gisbergen, 
1990; Glimcher and Sparks, 1993). 
Recently, it has been shown that in the DLSC (Jay and Sparks, 1987) and 
also in FEF (Russo and Bruce, 1994), eye movements towards auditory targets 
are represented in an oculocentric motor map, which is thus in spatial register 
with the visual modality. The averaging responses between visual and auditory 
targets that we found may therefore be caused by the same mechanism that is 
thought to be responsible for the averaging responses towards two visual targets 
(see also Lueck et ai, 1990). 
Latency In anaesthetized cats it was shown that when a near-threshold visual and 
auditory stimulus were presented at the same location and with a characteristic 
time interval, multimodal cells in the DLSC responded vigorously with a firing 
rate that could be more than ten times the optimal unimodal stimulus response 
(Meredith and Stein, 1986a). Spatial as well as temporal disparities, however, 
caused a gradual decrease of this non-linear bimodal interaction and could even 
be reversed into an inhibitory interaction ( Meredith and Stein, 1986b; Meredith 
et ai, 1987). These interactions have been demonstrated to depend on a specific 
cortical input. Multimodal neurons from the feline Anterior Ectosylvian Sulcus 
( area AES) project in spatial register to the DLSC (Wallace et α/., 1993). Re­
versible inactivation of AES completely disrupts the multisensory interactions in 
the DLSC (Wilkinson et oí., 1992). 
The multimodal cells in the Superior Colliculus of the cat respond optimally 
when a certain characteristic delay is introduced between the onset of the visual 
and the auditory stimulus ( Meredith et ai, 1987). Typically, the optimal audi-
tory stimulus must be presented about 0 to 100 msec after the visual stimulus. 
Our experimental results show striking similarities to those obtained electro-
physiologically in the DLSC of the cat. If one substitutes 'latency' by 'firing rate', 
the same rules of multisensory integration seem to apply for human saccadic eye 
movements and activity in the Superior Colliculus. How could the firing rate of 
collicular neurons and saccade latency relate? 
Current ideas suggest that fixation neurons in the rostral part of the DLSC 
excite so-called omnipause neurons in the brainstem (OPNs), which are gener-
ally thought to act as an inhibitory gate on the saccade burst generator ( BG; 
e.g. Munoz and Wurtz, 1993). In this way, the rostral pole of the DLSC may 
control active fixation by inhibiting saccade generation. Therefore, in order to 
elicit a saccade, this rostral fixation zone first has to be silenced. Enhancement 
of the firing rates of presaccadic neurons in the colliculus may facilitate the cross-
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Saccade 
Figure 6.8: 
Proposed mechanism for saccade facilitation ( Adapted from Muñoz and Wurtz, 
1993) Visual (V) and Auditory (A) signals project to saccade related burst neurons 
m the DLSC. Bimodal interactions may either facilitate, or detain the crossing of 
a threshold, nescessary to silence the fixation neurons (FIX). These neurons act 
through the omnipause neurons (OPN) as an inhibitory gate on the generation of 
a saccade by the saccadic burst generator (BG). The auditory stimulus also has 
an α-specific inhibitory effect on the OPNs ( WA), which may serve as a warning 
signal through dismhibition of the BG. 
ing of a certain threshold, needed to overcome the fixation-related activity, and 
therefore reduce the saccadic latency ( see Fig. 6.8) 
The acoustic stimulus may function as a 'warning signal', if it is assumed 
that the auditory modality, due to a faster access to the brainstem, also exerts a 
non-specific inhibitory effect on the OPNs. As a result, the DLSC-BG pathway 
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may cross the saccade initiation threshold sooner. This is especially the case 
when the target and non-target are spatially coincedent, because in that case 
local excitatory interactions in the motor map may further boost the collicular 
presaccadic activity. If, however, the targets are spiatally unaligned, the benefit 
caused by the 'warning signal' may diminish or even completely cancel as a result 
of lateral inhibition within the map. In short, such a scheme may explain: 
• the observed facilitation of saccades to spatially coincedent stimuli 
• the lack of a latency increase of saccades to spatially unaligned stimuli 
• the lack of a temporal effect on movements to spatially unaligned stimuli 
• why coincedence detection alone does not underlie our results. 
A similar process is currently thought to explain the frequent occurrence of 
short-latency (express) saccades in the so-called 'gap paradigm' ( Fischer and We­
ber, 1993). In this case, the early offset of the fixation point may exert the same 
'aspecific' warning effect by OPN-BG disinhibition, allowing spatially selective 
collicular activity to overcome the threshold at an earlier moment. 
Electrophysiological recordings in the DLSC of awake animals are needed in 
order to reveal the link between multimodally driven behaviour and the under­
lying neural processes. Such a study is described in Chapter 7. 
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Chapter 7 
Visual-Auditory Integration in 
the Superior Colliculus of the 
Behaving Monkey 
7.1 Introduction 
The neural basis underlying the generation of saccadic eye movements has usu-
ally been investigated in orienting tasks involving the rapid foveation of a visual 
target. Notwithstanding, several other sensory systems may also provide an or-
ganism with spatial information regarding its environment, and may therefore 
be used to localize, identify, and orient to objects of interest. The use of a mul-
timodal representation of the surroundings can be advantageous to increase the 
sensitivity and the spatial-temporal resolution of these behaviorally important 
tasks. To that means, the multimodal information, which initially is processed in 
independent parallel sensory channels, has to be combined into a common neural 
representation, a process which has become known as 'multisensory integration', 
or 'sensor fusion' (e.g. Stein and Meredith, 1993, for review). 
However, in order to integrate the spatial information of different sensory 
modalities, several non-trivial problems have to be solved by the nervous system. 
For example, visual information is initially encoded topographically in oculocen-
tric polar coordinates at the level of the retina. By contrast, the cochlea represents 
the auditory signal in a tonotopic way. The auditory system therefore has to de-
rive spatial information of sounds on the basis of implicit acoustic cues. These 
Adapted from: M .A. Frens and A.J. Van Opstal (1995) Submitted to The Journal of 
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cues result from binaural timing and level differences, related to target azimuth, 
and to monaural, elevation-dependent spectral information provided by torso, 
head and pinnae (for extensive review, see e.g. Blauert, 1983). Thus, auditory 
spatial information appears to be initially encoded in a Cartesian, head-centered 
frame of reference. 
Many visual, auditory and saccade-related structures are known to project 
to the deep layers of the midbrain superior coUiculus (DLSC; see e.g. Sparks 
and Hartwich-Young, 1989). It is generally agreed that the DLSC are of crucial 
importance for the rapid and accurate generation of goal-directed orienting re-
sponses of eyes and head. It is also accepted that a large population of neurons, 
localized within the motor map, is recruited prior to the saccade (Lee et al., 
1988). Therefore, the DLSC are believed to be an excellent candidate to study 
the processes related to audio-visual integration. 
By itself, the role of the DLSC in the generation of saccades towards auditory 
targets poses a number of interesting problems. For example, both accuracy and 
kinematics of auditory-evoked saccades are reported to be different from visually 
driven saccades (monkey: Jay and Sparks, 1990; humans: Zambarbieri et al., 
1982; Chapters 2 h 3), in the sense that auditory saccades tend to be less accurate 
and slower than their visually-evoked counterparts. Similar properties have been 
reported in relation to the generation of memory-guided saccades (Smit et al., 
1987; Gnadt et al., 1991; White et al., 1993). It has recentely been shown that 
the inaccuracies observed in these movements, should be attributed to signals 
added downstream from the collicular motor map, because the movement fields 
of DLSC cells are different for saccades to remembered targets (Standford and 
Sparks, 1994). We therefore wondered whether differences between auditory and 
visual saccades may in some way be reflected in the saccade-related activity 
of DLSC neurons. So far, a quantitative study on the properties of auditory 
movement fields of SRBNs in two dimensions has not been carried out. 
In addition, current hypotheses assign a prominent role to so-called collicular 
'clipped' cells in the encoding of dynamic motor error, by placing these colls 
inside the local feedback loop that controls the saccade trajectory (Waitzman 
et al., 1991). If correct, such models would predict unique activity patterns 
for saccades with identical trajectories, regardless of the sensory stimulus that 
elicited these responses. Auditory evoked saccades may therefore provide a useful 
tool to study the putative role of the DLSC in the kinematic control of saccades. 
Multimodal Integration: Neural Responses in DLSC. It has been shown 
in several species, that at the level of the DLSC, the visual and auditory repre-
sentations are approximately in register. Both sensory modalities are represented 
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topographically by cells with restricted spatial receptive fields (Mouse : Drager 
and Hubel, 1976; Hamster: Chalupa and Rhoades, 1997; Owl: Knudsen, 1982; 
Guinea Pig: King and Palmer, 1983, 1985; Cat: Middlebrooks and Knudsen, 
1984; Monkey : Jay and Sparks, 1987b; Ferret : King et al., 1988). Much like 
the visual representation in the DLSC, the auditory representation appears to 
be organized in oculocentric coordinates: auditory receptive fields of a number 
of DLSC units have been shown to be better tuned to sound position relative to 
the fovea, than with respect to the head (Monkey: Jay and Sparks, 1987b; Cat: 
Peck et al., 1995). 
A large body of experimental evidence has indicated that the convergence of 
multiple modalities in the DLSC takes place at the single-cell level (Meredith and 
Stein, 1986a, in cat; King and Palmer, 1985, in guinae pig). Experimental work 
in the cat has revealed that about 40% of DLSC neurons display both visual and 
auditory selectivity (Meredith and Stein, 1986a). Subsequent studies (Meredith 
and Stein, 1985; Meredith et al., 1992) have indicated that multimodal collicular 
neurons have strong efferent projections to brainstem premotor structures and 
may therefore be considered as part of the collicular motor output that is known 
to be heavily involved in the cat's orienting behaviour (Grantyn and Berthoz, 
1985). 
It has been shown convincingly that the sensory responses of multimodal 
DLSC cells of the anaesthetized cat may undergo a strong influence of multimodal 
integration (Meredith and Stein, 1986a). Often, neurons displayed a strong re-
sponse enhancement during appropriate bimodal stimulation, which well exceeded 
simple linear addition of the unimodal response properties. In a smaller num-
ber of cells, the multimodal interaction was expressed by response suppression 
(Meredith and Stein, 1986a). Both response modes, enhancement and suppres-
sion, have also been reported in the DLSC of the anasthetized guinea pig (King 
and Palmer, 1985) and macaque (Wallace et al., 1994). 
Because the spatial receptive fields of a bimodally-sensitive neuron usually 
overlap to a considerable degree, the strongest interaction effects were obtained 
when there was spatial and temporal alignment of the two stinmli. Changes in 
the relative temporal and/or spatial configuration of the auditory and the visual 
stimulus could lead to a marked and systematic decrease of the interaction elfect 
(Meredith and Stein, 1986b; Meredith et al., 1987). 
It is not a priori obvious to extrapolate these important findings to the fully 
awake preparation, since the DLSC are known to be strongly involved in the 
generation and preparation of saccades, both in cat (Mcllwain, 1982; Munoz et 
al., 1991a) and in monkey (Schiller and Koerner, 1971; Wurtz and Goldberg, 
156 Section 7.1 
1972; Mays and Sparks, 1980; Waitzman et al., 1991). As was briefly indicated 
above, several hypotheses on the functional role of the DLSC even assume that 
they are contained within a dynamic feedback loop which controls the saccade 
trajectory (Droulez and Berthoz, 1991; Munoz et al., 1991b; Waitzman et al., 
1991). Thus, according to such hypotheses, a strong influence on the activity 
patterns in the collicular motor map is expected when the animal is preparing 
or actually generating a saccadic eye movement towards behaviourally relevant 
stimuli. 
So far, however, there is a limited amount of multisensory-evoked data ob-
tained from the DLSC in the awake and behaving animal. Earlier results from 
the cat have indicated an effect of multisensory integration (Peck, 1987). In that 
study it appeared that some neurons with saccade-related activity just after the 
onset of a visually evoked eye movement, became pre-saccadic burst neurons for 
saccades towards bimodal stimuli. Thus, the relative timing of the saccade-related 
burst appeared to change according to stimulus conditions. 
Recently, more experimental evidence of multimodal integration in the DLSC 
of the awake cat has become available (Peck et al., 1995). In line with the ear-
lier findings of Stein and coworkers (see above), it was found that a considerable 
portion of bimodally activated neurons undergo either an enhancement or a sup-
pression of the sensory-evoked response for bimodal stimuli within the receptive 
field. However, the multimodal effects on movement-related activity were not 
part of this study. Also the possible influence of changes in the spatial/temporal 
stimulus configuration on the multimodal interaction effects was not investigated. 
Multimodal Integration: Behaviour. Similar effects of bimodal integration, 
as observed in collicular neurons, have been inferred to be reflected in a cat's 
orienting behaviour (Stein et al., 1988). It was shown, that the animals could 
identify a near-threshold visual stimulus more reliably when the stimulus was 
accompanied by a spatially coincedent, but irrelevant, auditory stimulus. The 
performance decreased with respect to the unimodal visual situation when both 
stimuli were presented at spatially disparate locations. 
Recent studies with human subjects by Hughes et al. (1994) and by our group 
(see Chapter 6) have reported a systematic influence of an auditory stimulus 
upon the latency of saccadic eye movements towards visual targets. Saccadic 
latencies appeared to be consistently shortened when an auditory stimulus was 
simultaneously presented in spatial register with the visual stimulus. 
In Chapter 6 it was also noted that the latency effect decreased gradually 
with increasing interstimulus distance. In addition, the relative timing of the 
two stimuli exerted a systematic influence on this spatial latency effect: when 
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the auditory stimulus slightly leaded or coincided with the visual target, the 
spatial configuration dependence of saccade latency persisted. However, the effect 
disappeared when the auditory stimulus lagged the visual target by approximately 
50 ms. 
Outline. To our knowledge, no data exist on auditory-visual interactions in 
the DLSC of the behaving monkey. In this chapter, we report on the influence 
of an auditory stimulus upon the movement-related response properties of single 
units in the DLSC, when the monkey makes visually guided eye movements in a 
variety of bimodal stimulus configurations. 
In addition, we will attempt to relate the neural influence of combined vi-
sual/auditory stimulation to the properties of the bimodally evoked saccadic eye 
movements. Moreover, we will quantitatively compare the movement-related ac-
tivity of DLSC units in response to unimodal visual or auditory stimulation. 
Our data will be confronted with current models on the role of the DLSC 
in the generation of saccadic eye movements, and the functional significance of 
collicular multisensory integration will be discussed. 
7.2 Methods 
Subjects 
Two adult male rhesus monkeys (macaca mulatta; Sa and Pj) served as subjects 
in this study. The monkeys were without any apparent visual, auditory or motor 
disorder. 
Surgical Procedures. Both monkeys underwent three separate surgical ses-
sions, that were performed under asceptic conditions while the monkey was held 
under intubated anaesthesia with N2O/O2. 
First, four stainless-steel bolts were stereotaxically embedded in dental ce-
ment and fixed to the skull, thus allowing for a rigid and painless fixation of the 
monkey's head during the electrophysiological experiments. 
Subsequently, a thin gold-plated copper ring (diameter ± 1 8 mm), shaped to 
fit on the left eye, was implanted on the sclera beneath the subjunctiva, following 
a method described in detail in Bour et al., 1984. 
Finally, when the monkey had mastered the different saccade tasks (see be-
low), a stainless-steel recording chamber was placed over a trepane hole, centered 
at the midline of the monkey's skull. 
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Training. Monkeys were trained to refixate a visual taTget as quickly as possible 
after it jumped from a fixation spot to a randomly chosen peripheral position 
within the oculomotor range. The animals, which had been water-deprived for 
about 16-20 hours, were given a small liquid reward after each correct response. 
In the bimodal visual/auditory tasks, eye movements towards auditory stimuli 
were not rewarded and both monkeys quickly learned to ignore these acoustic 
stimuli. 
In addition, we trained monkey Sa to make saccades towards auditory targets 
that were randomly presented in the frontal plane. The monkey mastered this 
task after several months of training. Although monkey Pj clearly showed signs 
that it could localize sounds (see Results), we did not specifically train it to make 
goal-directed saccades toward auditory stimuli. 
Experimental Conditions 
All experiments were performed in an isolated room of 3 X 3 x 3 m. The very 
dim background illumination was typically about 10 - 3 cd/m2 (mesured with 
Minolta LS-100 luminance meter), but occasionaly experiments were carried out 
in total darkness. The wall, ceiling and floor of the room were covered with black, 
sound-absorbing foam (Schulpen Schuim, Nijmegen, Netherlands) that eliminated 
acoustic echoes above 500 Hz. The monkey sat in a primate chair with the head 
fixed and approximately in the center of the room. Although the head holder was 
constructed such as to minimize obstruction of the monkey's ears, some acoustic 
shielding of the highest sound frequencies applied could not be prevented. 
Apparatus. Visual stimuli were delivered by red LEDs (low intensity: 0.015 
cd/m2; high intensity: 0.15 cd/m2; visual diameter: 0.3 deg), mounted on an 
acoustically transparent wire-frame that constituted the frontal part of a sphere 
at a distance of 85 cm from the monkey's head. On this frame, a thin black 
linnen cloth was braced that completely blocked vision of the auditory stimulus 
apparatus. 
Auditory stimuli consisted of broad-band noise at levels between 45 dB SPL 
('low intensity') and 60 dB SPL ('high intensity'), generated by a noise genera-
tor (Hewlett Packard HOI-3722a), band-pass filtered (150 Hz - 20 kHz; Krohn-
Hite 3343), amplified (Luxman 58A) and presented through a speaker (Philips 
AD44725). We did not correct for the slight deviations from whiteness (less 
than 10 dB) of the sound spectrum. The speaker was mounted on a robot arm 
that possessed two rotatory joints, each equipped with a stepping motor (type 
VRDM5, Berger Lahr, Germany). The acoustic stimulus could thus be rapidly 
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presented anywhere on the surface of a virtual sphere, just distal from the visual 
stimuli at 90 cm from the monkey's head. The sounds emanating from the step­
ping motors could not provide the monkey with any cues as to the actual location 
of the speaker. 
Eye Position Recording. Horizontal and vertical components of the left eye 
position were recorded with the double-magnetic induction technique as described 
in detail in earlier papers from this laboratory (Bour et al, 1984; Ottes et al., 
1986). The alternating magnetic fields which are required for this method (hor­
izontal 40 kHz, vertical 30 kHz) were generated by two orthogonal pairs of coils 
that were attatched to the walls of the room so as to prevent obstruction of the 
auditory or visual stimuli. 
The output of the secondary induction coil, which was placed before the mon­
key's left eye, was pre-amplified and subsequently decomposed into horizontal and 
vertical eye position signals by two lock-in amplifiers (PAR 128A). Signals were 
then brought into the appropriate range for acquisition by further amplification 
and subsequent low-pass filtering (150 Hz). The resolution of this recording tech­
nique was approximately 0.2 deg. 
Target presentation was controlled by a PC-80486 and a PC-80386. The 
acquisition of signals was done by a data-aquisistion board (Metrabyte DAS 16) 
in the PC-80386. The sampling frequency for each eye position channel was 500 
Hz. All data were stored on hard disk for subsequent off-line analysis. 
Recording Procedure of Neural Activity A glass-coated tungsten micro-
electrode ( 0.4 - 1.2 ΛίΩ ) was lowered inside a guide tube through the dura 
mater, and was further proceeded downward by means of a motorized hydraulic 
microdrive (Trend Wells). The microelectrode signal was preamplified (Bak A-l), 
low pass filtered at 15 kHz and monitored on an oscilloscope. Action potentials 
of single units were triggered by a level detector, and subsequently discriminated 
on the basis of their waveform using a real-time decomposition of the first four 
principal components of the captured spike (e.g. Epping and Eggermont, 1987). 
When a signal was thus qualified as coming from an isolated single unit, 
the moments of occurence of the action potentials were fed into a custom-made 
Schmitt trigger, which converted the triggered spikes into a 4-bit counter, the 
DC output of which was sampled at a rate of 1000 Hz. 
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Experimental Protocol 
As soon as a single-unit in the DLSC was isolated, different series of experiments 
were performed in order to test the unit's visual, auditory and bimodal properties: 
1. Unimodal Visuomotor Task. The visual and saccade-related response 
characteristics of the cell were measured, when the monkey made saccades 
towards unimodal visual stimuli. 
Typically, first a series of targets was presented covering the contralateral 
hemifield, in order to allow for a first rough estimate of the position and 
extent of the cell's response field. In a subsequent series, targets inside and 
neighbouring the visual-movement field were presented at a higher spatial 
resolution (down to 1 deg). 
Based on the results from the unimodal visuomotor task, the center of the 
cell's movement field was qualitatively estimated. 
2. Bimodal Visual-Auditory Task. In this task, a visual target was pre-
sented at the estimated center of the cell's movement field, in combination 
with an auditory distractor stimulus. The monkey was rewarded for making 
an accurate saccade towards the visual target and to ignore the distractor. 
The position of the auditory non-target, as well as its timing relative to the 
visual stimulus were systematically varied from trial to trial. The position 
of the auditory stimulus was varied along the radial line through the initial 
fixation spot and the visual target. In this way, spatial disparities between 
the auditory and the visual stimulus from 0 up to 60 degrees were realized. 
Temporal diparities were chosen in 50 ms intervals, generally between -50 
to +50 ms. The minus sign indicates that the auditory stimulus was pre-
sented first. Fig. 7.1 schematically represents the experimental protocol of 
the bimodal spatial/temporal experiment. 
In most experiments, both stimuli were presented at one fixed ('high') inten-
sity (see above). In a number of cells, however, time permitted to present 
both stimuli also at the lowest intensities. 
The second type of bimodal experiment, performed on a limited number of 
cells, consisted of a complete movement field scan in the same way as in the 
unimodal visuomotor task. In this series of trials, the auditory distractor 
was presented simultaneously with, and at the same position as, the visual 
target. 
3. Unimodal Audiomotor Task. A third scan of the cell's movement field 
was obtained using unimodal auditory broad-band noise stimuli as targets. 
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Figure 7.1: 
Bimodal visual-auditory task. A: Spatial stimulus configuration. A visual target 
(o) was presented at the center of a cell's movement field (dashed circle). An 
auditory broad-band noise stimulus (x) was presented at one of several positions 
along the meridian through the visual target and the central fixation spot. B: Tem­
poral configuration: The auditory stimulus was presented at AT = [—50,0,50] ms 
with respect to the onset of the visual target. Both stimuli had an equal duration 
of 500 ms. 
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This auditory scan was only performed with monkey Sa, which was exten­
sively trained to orient to auditory targets. 
D a t a Analys is 
Cal ibrat ion of Eye Pos i t ion . Calibration of the eye-position signals was 
based on the fixation of 84 target positions on the LED-display, at spherical polar 
coordinates R G [2,5,9,14,20,27,35] deg and Φ G [ 0 , 3 0 . . . ,330] deg. Here, R is 
the angular distance from the central fixation spot as seen by the monkey, and 
Φ is the direction of the target relative to the center, where Φ = 0 deg denotes a 
rightward direction, and Φ = 90 deg an upward direction. 
Because of the direction-dependent nonlinearity inherent in the double-magnetic 
induction method (Bour et al., 1984), and slight crosstalk between the two large 
magnetic fields, a neural network, programmed by backpropagation, was applied 
for calibration of the horizontal and vertical eye position components (Rumelhart 
et al., 1986). 
In short, a three-layer network was assigned to each component of eye posi­
tion. Each network used the AD-values of both eye position channels as input, 
and either the desired horizontal or vertical component of target position as the 
teacher signal. The hidden layer of each network contained five units. Training 
of the networks was performed on the final eye fixations which were obtained by 
visually evoked saccades to all 84 Leds at the beginning of an experimental day. 
Usually, 20000 iterations on the training data sufficed to provide an excellent 
calibration in all directions (accuracy within 1 deg). The network was imple­
mented in Matlab (The Mathworks Inc., USA). The resulting weight matrices 
were subsequently used to calibrate all eye position data. 
Saccade detection was performed by computer on the calibrated signals on 
the basis of separate velocity and acceleration/deceleration criteria for saccade 
onset and offset. All detection markings were visually checked, and corrected 
interactively if needed, by the experimenters. Saccades which had atypical ve­
locity profiles, or which were associated with blinks, were discarded from further 
analysis. 
Quant i ta t i ve Descr ip t ion of N e u r a l Activ ity. Movement-related activity, 
FMI was taken as the mean firing rate in a window that lasted from 50 ms before 
saccade onset to saccade offset. Similarly, sensory-evoked activity, Fs, was based 
on the mean firing rate in a fixed 100 ms time window starting at target onset. 
In what follows, FM(V) denotes movement-related activity in the unimodal 
visuomotor task. In the same way, the movement (M)/sensory (S) activity evoked 
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by the visual (V), auditory (A) and bimodal (VA) tasks (described above) are 
identified by: FM{A), FS(V), and FM(VA), etc. 
In order to determine the cell's sensitivity to the various stimulus conditions, 
the quantitative description of collicular tuning curves as proposed by Ottes et 
al. (1986) was followed. This procedure relates a cell's activity for a specific 
saccade vector (or stimulus position) to its anatomical location ((w, υ), in mm) in 
the collicular motor map, by means of a Gaussian sensitivity profile centered at 
the optimal motor map representation, (ν,ο,υα), with width σ0 (mm), and height 
FQ (spikes/s): 
(u - up)2 + (v - v
o
y 
2σ2 FM{V) = Foexp-^ " " V T ' (7.1) T
o 
The Cartesian collicular coordinates, (u,v) (in mm), are related to the polar 
coordinates, (Ä, Φ) (in deg), of the saccadic eye displacement vector by: 
и = ±B
u
\n (y/R? + 2AR'\ cos Φ | + Л 2 / А ) 
ν = B„arc tan((Äsh^) / (Ä- |α)εΦ| + A)) 
where the fixed parameters B
u
 = 1.4 mm, B
v
 = 1.8 mm/rad, and A — 3.0 
deg, are the optimal fit to the complex-logarithmic mapping function applied to 
Robinson's (1972) electrical stimulation data (Ottes et al., 1986). The minus sign 
corresponds to saccades with a leftward component. 
In order to determine the optimal tuning parameters of Eqn. (7.1), the Levenberg-
Marquardt algorithm was used for minimizing χ 2 (Press et al., 1992). Thus, a 
cell's movement field was described by the following four parameters: 
• [UQ,VQ) (in mm): Cartesian coordinates, corresponding to the anatomical 
center of the Gaussian sensitivity function in the motor map. The polar 
coordinates of the optimal saccade vector, (ΑθιΦο)ΐ are then obtained by 
applying the inverse transformation of Eqn. (7.2). 
• FQ (in spikes/s): the peak mean activity of the cell at (До, Фо) 
• σο (in mm): a measure for the sharpness of the ceU's tuning to motor error. 
As a first indication for the goodness-of-fit of the movement field we took Pear­
son's linear correlation coefficient, r, between the actual firing rate of the cell, 
and the predicted activity of Eqn. (7.1), together with its level of significance, 
P(r) . Often, the procedure yielded a correlation exceeding 0.85 (number of data 
points typically above 100). In cases, where r fell below 0.70, or when systematic 
164 Section 7.2 
discrepancies were observed between the fit function and the actual activity of the 
neuron associated with (near-)optimal saccades, the fit was judged unsatisfactory 
and its parameters were not used in the comparative analysis described below. 
Instead, in those cases we took the average measured activity and its standard 
deviation as best estimate for the unimodally-evoked visuo-motor activity. 
In order to estimate the uncertainty boundaries of both the fit parameters and 
r, we applied a statistical bootstrap method (see e.g. Press et al., 1992; Manly et 
al., 1991; Efron and Tibshirami, 1991). In short, the fit procedure of Eqn. (7.1) 
was applied 100 times on different sets of data, randomly drawn form the orig-
inal data set with a uniform random generator. This bootstrap procedure thus 
resulted in 100 slightly different sets of fit parameters and correlation coefficients. 
In this chapter, the means and standard deviations derived from these 100 sets 
are given as the most reliable estimates of the movement field parameters and 
the correlation coefficient r. 
In a similar way, a movement field fit was performed on the activity in the 
audio-motor task (FM(A)), and in the bimodal movement field scan (FM(V Ä); see 
above). The same model was also used to determine the cell's tuning properties 
to the (multi)sensory-related events. 
Spike Density. In order to analyze the temporal properties of collicular activ-
ity, the so-called spike-density function was computed (Optican and Richmond, 
1987; Waitzman et al., 1991). In short, each spike associated with an optimal 
saccadic eye movement was replaced by a Gaussian with height 1.0 and width 
4 ms. The resulting spike densities of selected trials were aligned with saccade 
onset and subsequently averaged over the number of trials. 
Quantitative Measure for Multisensory Interaction. A quantitative mea-
sure for the multisensory-evoked interaction in a cell's movement activity, (MI), 
was defined in the following way: 
MIsFM(VA)-FM(V) 
FM(V) 
where FM{VA) is the measured movement activity of the cell for a saccade during 
bimodal stimulation, and FM{V) corresponds to the predicted (or, in a few cases, 
averaged; see above) activity of the neuron for the same saccade in the unimodal 
visuo-motor task. 
Note, that this measure represents a relative fraction of the unimodal visually-
related activity. A negative value of MI designates that the cell underwent a 
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decrease of its activity during multisensory stimulation ('suppression'), whereas 
a positive value of MI indicates a multisensory enhancement effect. Note, that 
MI = —1 corresponds to the maximum level of suppression possible: in this case, 
the cell's activity is completely inhibited. MI = 0 indicates no effect. There 
is no theoretical upper bound to the amount of enhancement. The statistical 
significance of MI φ 0 was based on a one-sided Student's t-test. 
Anatomical Verification. Because both monkeys are still participating in a 
comparable project, histological data are as yet not available. Our anatomical 
verification is therefore based on a number of electrophysiological criteria which 
are well-established in the current literature and indicative for the deeper layers 
of the superior colliculus (DLSC): 
1. The locus of the encountered presaccadic activity corresponded well to the 
sterotaxic coordinates of the DLSC as found in Snider and Lee, 1961. 
2. The entry of the superficial layers of the SC could be easily recognized. La­
tencies of visual responses corresponded to values reported in the literature. 
Cells in these layers had clear contralateral, circumscribed visual receptive 
fields that corresponded roughly to the optimal saccade vectors for deeper 
layer saccade-related cells. 
3. In order to determine successive penetration sites, the topographically or­
ganized stimulation map of Robinson (1972) could be reliably applied. 
4. Tuning properties of saccade-related neurons for visually-evoked saccades 
correspond well with values obtained from the literature (see Results). 
5. At some sites, a further lowering of the electrode yielded clear auditory-
evoked responses, indicative for the Inferior Colliculus. 
7.3 Results 
We have recorded from 328 neurons in the Superior Colliculus. Of these neurons, 
287 displayed clear saccade related activity (Sa: 219; Pj: 68). This fraction of 
cells was located at deeper sites than the purely visually responsive cells. 
From a total of 50 saccade-related burst neurons, we recorded during both 
the visuomotor task and the multisensory task. Of these neurons, 12 had a clear 
visual burst (visuo-movement cells), 2 neurons displayed a transient, very short-
latency (±10 ms) auditory-evoked response (audio-movement cells), whereas 36 
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neurons were classified as movement-related cells, for lack of a clear sensory-
evoked response in none of the applied tasks. For monkey Sa, 22 SRBNs were 
tested in both the unimodal visuomotor and audiomotor tasks. 
Unimodal Visuomotor Task. 
Saccade-related activity associated with the visuomotor task could be quantita-
tively described with a high reliability by Eqn. (7.1) (see Methods). Correlation 
coefficients between the actual activity F\¡(Y) and the predicted activity values 
were highly significant and often exceeded 0.8. A typical example of the result 
of the fit procedure on a cell from monkey Pj is shown in Fig. 7.2A, where the 
measured activity is plotted against the predicted activity, based on the boot-
strap procedure described in Methods. Note, that standard deviations of each 
predicted point are quite small, indicating a high reliability of the applied fit 
parameters. In panel 7.2B, the shape of the cell's movement field is shown in eye 
movement coordinates. Note the asymmetric shape of the movement field as a 
function of saccade amplitude: cell activity drops faster for amplitudes smaller 
than the optimum amplitude, До = 21 deg, than for larger amplitudes. 
Cells for which the movement field was centered at very large saccade am­
plitudes (typically До > 35 deg) could not be tested completely, due to the 
monkey's limited oculomotor range (N = 3). As a result, evoked saccade vectors 
had to be confined to the proximal side of the optimal movement field center. In 
those cases, the fit procedure yielded large uncertainty boundaries for the fit. pa­
rameters, often including unphysiologically large mean values. Nevertheless, the 
resulting fit still yielded accurate predictions of the cell's firing properties for the 
• measured saccades. In our comparative analysis of the fit parameters of collicu-
lar neurons (see Fig. 7.3B), however, we have excluded these cells. In addition, 
cells for which Eqn. (7.1) was a poor model (r < 0.7) were not included in the 
quantitative model-based description of the movement fields (N = 5). Fig. 7.ЗА 
shows the distribution of the movement field centers, as obtained from 42 cells in 
the unimodal visuo-motor task. 
There appeared to be a considerable range of parameter values for the height 
(given by FQ) and width (σο, see Eqn. (7.1)) of the visuomovement fields. As 
is shown in Fig. 7.3B, these parameters did not crosscorrelate. Therefore, the 
number of spikes associated with the optimal saccade for each cell, varied over a 
wide range and appeared not to be related to its site in the collicular motor map. 
However, there appeared to exist a weak positive covariation between a cell's 
estimated depth in the SC (measured from the first encountered visual activity) 
and its tuning width to motor error, σο (r = 0.51; P(r) < 0.01). Linear regres-
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Figure 7.2: 
Example of movement field fit on Cell pj2405. A: Relation between the measured 
mean firing rate of a unit in the unimodal visuomotor test, and the predicted 
value of Eqn. 7.1. Standard deviation bars indicate the reliability of the outcome 
of the fit, obtained by the bootstrap simulation (see Methods). The dashed line 
represents the ideal fit. Note, that the model predicts the behaviour of the cell 
quite well. Optimal fit parameters: RQ = 29 deg, Φ = 198 deg, FQ = 358 spikes/s, 
σο = 0.39 mm. Correlation between data and fit: τ — 0.87. В: Contour plot 
of the fitted movement field of the same neuron. Iso-activity lines are drawn at 
50 spikes/s intervals. Note the steeper slope at the small-amplitude side of the 
movement field. 
sion on this relation indicated that the width of the movement fields (expressed 
in collicular coordinates) tended to increase by about 0.2 mm for each mm of 
penetration depth. The model description, provided by Eqn. (7.1), was equally 
well applicable to all types of neurons, regardless of their position within the 
DLSC. We obtained no further significant relations among the movement field 
parameters. 
Unimodal Audiomotor Task. 
Behavioural observations. Monkey Sa could generate goal-directed saccades 
towards auditory targets in the dark throughout the oculomotor range. Fig. 7.4 
compares the performance of this monkey in the unimodal visuo- and audiomotor 
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Figure 7.3: 
Properties of unimodal visuomovement fields. Cells are included for which r > 
0.7, and which were tested for saccades encompassing the entire movement field 
(N = 42). A : Distribution of the fitted centers of all movement fields in this 
study. Iso-amplitude circles are spaced at 20 deg intervals. B: Vaiiability in the 
fitted mean peak firing rates of the movement fields (μρ0 = 293 ± 2 1 3 spikes/s) 
and the width of the motor error tuning (μ
σο
 = 0.64 ± 0.32 mm). Parameters do 
not crosscorrelate. 
tasks for a typical recording session. 
The accuracy of acoustically driven saccades appeared to clearly reflect the 
differences in information processing underlying target localization (see Introduc­
tion). Although the correlation between target azimuth and the azimuth of the 
first-saccade endpoint, was approximately the same as for the elevation compo­
nents (r w 0.75), the monkey systematically undershot the target in the elevation 
direction (typical gain « 0.5). The gain of the azimuth component of saccades 
was close to unity. No such horizontal/vertical dichotomy was observed for the 
visually-evoked saccades, for which undershoots typically occurred in the radial 
direction, thus equally afFecting the horizontal and vertical saccade components. 
The kinematic properties of the auditory evoked saccades were slightly dif­
ferent from visually driven saccades. Typically, the peak velocity of auditory 
saccades tended to saturate for large amplitudes at a slightly lower level than 
visual saccades, and also auditory saccade durations were often slightly longer 
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Figure 7.4: 
Accuracy of saccade endpoints. The left-hand column shows the accuracy of 
horizontal (top) and vertical (bottom) first-saccade endpoints of monkey Sa in the 
unimodal visual saccade task as a function of target position. Although errors were 
made at extreme elevations, in general saccades land accurately near the target. 
The right-hand column shows the results of the audiomotor task in the same 
format. Compared to the visual task, the amount of endpoint scatter has increased, 
and saccade elevation systematically undershoots the target. Nevertheless, despite 
some clear errors, the correlations between target position and saccade endpoint 
are high for both components. 
(see Fig. 7.5). We noted that the obtained main sequence relations for auditory 
saccades, as well as the amount of kinematic variability, varied from session to ses­
sion. However, as can be observed in both panels of Fig. 7.5, the fastes auditory-
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Figure 7.5: 
Main-sequence relations. A: Relation between amplitude and maximum velocity 
of saccades. Visually driven saccades are represented by open symbols (o), and 
auditory saccades by asterisks (*). Note that auditory saccades tend to saturate 
at a slightly lower level. Same data set as Fig. 7-4- Fit parameters: Visual: 
saturation level 1074 deg/s. Auditory: 853 deg/s. B : Relation between saccade 
amplitude and duratioîi. Same format as panel A. Note, that the fastest auditory 
saccades are indistinguishable from the visually driven movements. Regression 
fits: Visual: D = 32 + 1.31 · R ms; Auditory: D = 43 + 1.35 · R ms. 
evoked saccades were almost indistinguishable from their visually-elicited coun-
terparts. The shape of the saccade velocity profiles, parametrized by the relative 
acceleration fraction (5 = acceleration time / saccade duration), was identical 
for both auditory and visual saccades. Latencies of auditory and visual saccades 
had similar distributions (not shown). 
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Properties of SRBNs. In contrast to the findings reported by Jay and Sparks 
(1987a), all cells that displayed clear saccade-related activity in the visuomotor 
task, were also recruited prior to auditory-evoked saccades, regardless of the pres­
ence or absence of a visual or auditory sensory response. Only a small minority 
of cells reported on in this study had a short-latency auditory-evoked sensory 
response, followed by a movement-related burst (N = 2). These cells were also 
recruited in the visuo-motor task. 
Here, we report on the quantitative properties of the two-dimensional move­
ment fields, obtained in the two movement tasks. As a general finding, which 
occurred consistently in the far majority of cells (20/22), the saccade-related 
activity in the audiomotor task was markedly suppressed when compared to 
matched saccades in the visuomotor task. This is illustrated in Fig. 7.6, where 
saccadic responses in the same direction (170 < Φ < 180 deg) and with a similar 
range of amplitude variation around the optimal amplitude of До = 22 deg, are 
plotted together with the evoked neuronal responses. The bottom panels, which 
show the normalized spike density functions (see Methods), allow for a quanti­
tative comparison between the two movement conditions. Note, that the peak 
saccade-related activity is reduced by a factor two in the auditory motor task, 
when compared to the visuomotor task. Also the burst duration appears to be 
reduced, so that the total number of spikes in the audiomotor condition has de­
clined even more. Nevertheless, the kinematic properties of these two populations 
of saccades are not very different. 
It is important to note, that the differences in firing rate cannot be attributed 
to differences in the two populations of saccade vectors. The width of the visuo-
movement tuning curve (σ0 = 0.50 mm) is similar to the width of the audiomove-
ment field (σο = 0.54 mm). From Eqns. (7.1) and (7.2) one then predicts that the 
cell would fire at more than 90% of its mean peak firing rate Fo, when saccade 
amplitudes are confined to the range between 18.1 < R < 26.7 deg, and saccade 
direction variations remain within 8.6 deg of Φο· 
In principle, it could be possible that the lower levels of activity in the auditory 
task are due to a systematic shift of the cell's movement field (see Introduction). 
In that case, the right-hand panel would not show the responses to optimal au­
ditory saccade vectors. In order to investigate this point quantitatively, we have 
applied the movement field model description of Eqn. 7.1 also to earh cell's re­
sponses to auditory saccades, yielding a new set of movement field parameters. A 
quantitative comparison between the four tuning curve parameters of 18/22 col-
licular neurons in the visuo- and audiomotor task is made in Fig. 7.7. From this 
figure, it can be deduced that the 'visuomovement field' and the 'audiomovement 
field' are of equal width (no systematic descrepancies between σο; Fig. 7.7B), 
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Time [ms] Time [ms] 
Figure 7.6: 
Activity of SRBN sa6303 during saccades towards visual (left) and auditory 
(right) saccades, selected for similar amplitudes and directions. The center of 
the movement field of this cell was at (R0, Φ0) = (22,175) deg. The saccades in 
this figure are all within a few degrees of the center. Top: Vectorial eye displace­
ment signals as a function of time, aligned at saccade onset (Visual: N = Ut; 
Auditory: N = 10). Center: Corresponding dot displays of the neuron's activity 
during the saccades. Each dot represents at least one action potential; each row 
corresponds to an individual saccade. Bottom: Averaged spike density functions, 
derived from the dot displays (see Methods). Note, that the pronounced saccade-
related burst for visual saccades is substantially more intense, and has a longer 
duration, than for auditory saccades. Height and width of the Gaussian activity 
profiles: Visual: {F0,a0) = (301, 0.50). Auditory: (F0,a0) = (ЦЗ, 0.54). 
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and that the two movement field centers are at the same position (no system­
atic shift of either the horizontal (Fig. 7.7C), or vertical (Fig. 7.7D) components 
of the optimal vectors). In contrast, the peak mean firing rate appeared to be 
substantially lower for the audiomovement field than for the visuomovement field 
(Fig. 7.7A). The mean ratio between the audiomotor Fo and the visuomotor Fo 
was 0.4 ± 0.2. 
The four remaining cells which had either very eccentric movement fields, or 
could not be fitted adequately by Eqn. 7.1, could not be studied in this com-
paritive way (see remarks made above). Nevertheless, these ceUs qualitatively 
supported the above results. For all four cells, activity was lower in relation to 
any auditory evoked saccade than for a matched visually guided movement. 
We have checked, whether the low values of the auditory peak activity were 
in some way related to changes in the properties of the auditory main sequence 
(see above). However, we obtained no systematic relation between the auditory 
peak activity and the auditory kinematics of the corresponding data set. This 
finding is based on both a trial-to-trial analysis within a particular recording, as 
well as on an analysis of day-to-day variations of peak eye velocity levels (not 
shown). 
Multisensory Task. 
All effects reported below, turned out tobe insensitive to the applied differences in 
timing of the auditory-visual stimulus presentation (see Fig. 7.IB). Therefore, in 
what follows, we will show the effects on the data pooled for Δ Τ = [-50,0,50] ins. 
The main effects obtained were also invariant for stimulus intensity, although at 
very low intensities much more scatter in saccade latencies was observed. There­
fore, we will report only on the 'high-intensity' stimulus conditions. 
First-order effects. Behaviour. In the multisensory task, a clear and robust 
effect on the saccade latency distributions was observed, in the sense that the 
mean saccade latencies underwent a systematic shift. Remarkably, the sign of this 
effect resulted to be opposite for the two monkeys: the mean latency of monkey 
Sa decreased by approximately 35 ms with respect to saccades in the unimodal 
visuomotor task, whereas the latencies of monkey Pj increased by about a similar 
amount. In general, this latency change was highly significant for both monkeys 
(P{t) < 0.01). However, neither the kinematic properties, nor the accuracy of the 
bimodally evoked saccades changed with respect to the unimodal visual situation. 
Neural responses. The firing rate of SRBNs obtained in the multimodal task 
often changed considerably when compared to the unimodal visuomotor task. 
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Figure 7.7: 
Quantitative comparison of visuomovement and audiomovement fields. Лosci.ssa: 
fit result visuomovement field. Ordinate: fit result audiomovement field. The 
dashed line in each panel represents the identity line. A : Fitted mean peak activity 
of the audiomovement fields is systematically lower than for the visuomovement 
field, except for two cells. The linear regression line has a slope of' 0,\1. B,C,D: 
The width (σο) (in mm) and the center, in Cartesian coordinates (H,V) (in deg) 
of both movement fields was not systematically different for the two tasks. 
A first-order effect, which occurred irrespective of relative timing and position 
of the auditory distractor, was that the activity of some cells increased (here 
denoted by 'multisensory enhancement' or 'ME-cells'), whereas in other cells an 
activity decrease was obtained ('multisensory suppression' or 'MS-c.ells'). Fig. 7.8 
shows the data of four typical cells, plotted in the same format as Fig. 7.2A. Open 
symbols designate the cell's activity in the unimodal visuomotor task; asterisks in 
the bimodal task, pooled for all temporal/spatial stimulus configurations. Clearly, 
the distribution of bimodally-evoked activity systematically deviates from the 
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unimodal visuomotor predictions in all four cases. For ME cells (right-hand 
column), measured activity is higher than expected, whereas for MS cells (left-
hand column) an opposite trend is obtained. 
The proposed classification in ME- and MS-cells was not related to the classically-
defined types of SRBN, such as motor-, visuomovement-, or audiomovement cells. 
Our sample of 50 neurons contained 26 ME-cells (52%), 19 MS-cells (38%), 
whereas in 5 cells ('MO-cells'; 10%) no significant change of movement-related 
activity was obtained (see Fig. 7.9). The mean value of MI was 0.95 ± 0.88 for 
the ME-cells, which means that, on average, such cells almost doubled their mean 
firing rate in the bimodal task. The mean MI of MS-cells was -0.31 ± 0.18. This 
is equivalent to a mean firing rate of about 70 % of the unimodal visually-evoked 
activity. 
A similar quantitative analysis was performed on the visually-evoked sensory 
activity in visuomovement cells (N = 12; see Methods). Fig. 7.10 shows that 
the obtained modulation index of a cell's visual response qualitatively matched 
its movement-related modulation. Thus, in a visuomovement ME-cell, both the 
sensory burst and the movement-related burst tended to increase. Likewise, both 
bursts were suppressed in visuomovement MS-cells. 
Second-order effects. Behaviour. On top of the general shift in mean saccadic 
latency (see above), we also observed a weak but significant (P(r) < 0.05) effect 
of the spatial separation between the visual and the auditory stimuli during 18/50 
bimodal recording sessions (Monkey Pj:8/10; Sa:10/40). 
Whenever this phenomenon occurred, minimum latencies were obtained when 
both stimuli were approximately in spatial register. Latencies increased with 
respect to this minimum by about 0.5 ms per degree stimulus separation (see 
Fig. 7.11A for an example). Note, that this spatial latency modulation was more 
common in monkey Pj (80%), despite the fact that this monkey was not explicitly 
trained to localize auditory stimuli (see Methods). 
Neural responses. In a significant proportion of cells that showed a first-order 
multimodal interaction effect (12/40), we noted a slight modulation of the motor 
burst which was related to the radial distance between the visual and the auditory 
stimulus. This second-order modulation was always negatively correlated with 
inter-stimulus distance: activity was lowest when stimuli were maximally sepa-
rated, whereas highest activity levels were obtained for stimuli in close proximity 
(See Fig. 7.IIB). A similar effect in the sensory-related burst of this population 
of neurons was obtained in only one case. 
The most prominent change in the collicular motor burst observed during 
bimodal stimulation was its timing relative to the onset of the visual stimulus. 
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Figure 7.8: 
Effect of bimodal integration: ME and MS-cells. Overall effects of the presenta-
tion of an auditory stimulus on the firing rate of visually-guided saccades is shown 
for two visuomovement cells (panels A & B) and two movement cells (panels С & 
D). Unimodal visually-evoked movement activity (o) and bimodally evoked motor 
activity (*) are plotted against the predicted values from the fit on the unimodal 
activity. Note, that the unimodally-obtained data points tend to scatter around 
the model's prediction, whereas the bimodal data systematically deviate from the 
dashed unity line. The two cells in the left-hand column have a markedly de­
creased level of activity (suppression), while the cells in the right-hand column 
are enhanced by the auditory distractor. Data are pooled for all spatial and tem­
poral configurations of the bimodal test. A: Cell sa5708; B: Cell sa4602; C: Cell 
PJ2504; D : Cell sa2303. 
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Figure 7.9: 
Summary of first order interaction effects on cell activity. A: Fractions of mul-
tisensory suppression celb (MS-Cells), multisensory enhancement cells ( ME-
Cells), and cells that remained unmodulated by the presentation of the auditory 
stimulus (МО-Cells). B: Mean values of MI (Eqn. (7.3) ) for the three subpop­
ulations of cells. Total number of cells: N = 50. 
However, the timing relative to the onset of the saccade remained tightly coupled 
under all stimulus conditions. This feature is illustrated in Fig. 7.12, which shows 
the normalized spike density curves for purely visual saccades (heavy line), and 
the average cell responses for two populations of saccades: saccades with relatively 
short latencies to bimodal stimuli in close spatial proximity (100 < Latency < 125 
ms; thin continuous line), and saccades with relatively long latencies (200 < 
Latency < 225 ms; broken Une), evoked by stimuli that were far apart. Note, 
that all three curves start approximately simultaneously with respect to saccade 
onset. Note also, that the unimodally evoked activity is clearly lowest, which is in 
line with its ME-character. Finally, the short-latency responses (associated with 
stimulus alignment) yield stronger movement-related activity (both in height and 
in duration) than the long-latency responses (stimuli far apart). 
We also found that the visual burst in visuomovement cells remained tightly 
coupled to stimulus onset, regardless of the stimulus configuration (not shown). 
Thus, no change in timing of the sensory-related burst was obtained, although 
its peak activity pattern resembled that of the movement-related burst (see 
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Figure 7.10: 
Comparison of MI in the visual and the motor burst of visuomotor cells. MI 
of the visual burst of visuomotor cells is plotted as a function of MI in the 
saccade-related burst of the same unit, for 12 visuomovement cells. Note that 
the first-order effect of bimodal integration on the two bursts tends to covary. 
Fig. 7.10). 
Strikingly, there was a strong co-occurance of the second-order spatial effects 
on saccade latency and a ssingle-cell's movement-related activity. During the 
recording of 10/12 cells that were significantly modulated by stimulus separation, 
the monkey also showed a similar effect in the saccade reaction times. This 
amount of cross-correlation is highly significant (Contingency test: χ 2 = 15.4, 
df = 1; Ρ ( χ 2 ) < IO" 3 ; Brandt, 1976). 
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Figure 7.11: 
Spatial modulation on saccade latency and SRBN activity. A: Saccadic latency 
as a function of the distance between the visual and the auditory stimulus. Note, 
that latency increases as the two stimuli are separated. Slope of the regression 
line: 0.51 ms/deg. B : MI as a function of the distance between the visual and 
the auditory stimulus. Firing rate tends to decrease with increasing separation. 
Slope of the regression line: -6.5 · 10 - 3 . Data in both panels are obtained during 
the recording of MS-cell pj2504 (see also Fig. 7.8C), and pooled f or AT. 
7.4 Discussion 
General Remarks . 
In this study, we have provided data concerning the neural processes under-
lying auditory-visual integration in the DLSC. Recordings during a unimodal 
visuomotor and audiomotor orienting task, as well as during combined bimodal 
audio-visual stimulation, have been analyzed by applying a quantitative model 
of collicular movement fields. By applying such a description, the variability in a 
neuron's response characteristics, as well as in the sarcade vectors are both taken 
into account. This procedure thus allows for a direct comparison of the several 
stimulus- and saccade-related events in a way which, so far, has not received 
much attention in the literature. We believe that these results may have several 
implications for quantitative models on the functional role of the colliculus in 
saccade generation. In what follows, we will discuss these issues in more detail. 
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Figure 7.12: 
Timing of saccade-related burst during unimodal and bimodal stimulation. Nor­
malized spike density functions are shown for saccades near the center of the 
movement field: (Αο,Φο) = (16,192) deg, for unimodal visual saccades (thick 
solid line), bimodal saccades with a short latency (100-125 ms) (thin solid line), 
and bimodal saccades with a long latency (200-225 ms) (dashed line). Note, that 
the timing of the onset of the burst with respect to saccade onset (t=0 ms) docs 
not change appreciably, despite the large range in latencies. In addition, both the 
peak firing rate and burst duration are increased for the bimodally-evokcd short-
latency saccades. Curves are normalized to the peak of the unimodal visual spike 
density function. Data are from ME-cell pj2601. 
Visuomovement fields. 
Movement fields in the unimodal visuomovement task were well described by the 
model given by Eqn. (7.1) for the far majority (84%) of cells. This quantitative 
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description was initially meant to serve merely as a means to compare visually-
evoked saccade responses with different behavioural and stimulation conditions, 
by taking into account the variability of saccade vectors. However, in addition, 
our fit results have yielded some interesting aspects of the tuning properties of 
SRBNs to motor error which require some further discussion. 
6 β 10 12 
Motor Error [deg] 
Figure 7.13: 
Averaged and normalized spike density, F(t) as a function of radial dynamic 
motor error, ME{t + τ), for matched saccades in the center of the moveinent 
field, (Д0,Фо) = (18.3, 201) deg, to unimodal visual (N=17) and auditory (N=7) 
stimuli. The optimal delay, τ, between the spike density function and the eye 
movement was based on the visually-evoked data and was found to be 6 ms (see 
also Waitzman et al., 1991). The visually evoked curve is monotonie, which is 
typical for a clipped cell. The auditory curve, however, is much lower and no 
longer monotonie. Dotted lines represent one standard deviation. Both curves 
are normalized with respect to the peak of the visually-evoked burst. Cell: sa4702. 
We noted, that the two parameters which determine a neuron's sensitivity to 
motor error, (ίο>σο) (sec Eqn. (7.1)), appear to vary over a considerable range, 
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and may be very different from cell to cell, even when they are anatomically close 
together. These tuning parameters appeared to be independent of the site within 
the collicular motor map, although a slight systematic increase of the tuning 
width, σο, with penetration depth was obtained (see Results). Moreover, the 
parameters do not cross-correlate. 
As a result, the recruited population of SRBNs does not resemble a smooth 
Gaussian mountain of activity. Since the tuning width may be very large (> 1 
mm), the region of involved saccade-related cells may be much larger than is 
generally assumed in quantitative collicular models (e.g. Ottes et al., 1986; Van 
Gisbergen et al., 1987; Van Opstal and Kappen, 1993; Arai et al., 1994). In addi­
tion, due to the large scatter in tuning parameters, it is not possible to estimate 
the size and shape of the collicular population on the basis of one single-unit 
recording during the execution of many saccades. Rather, many recordings at 
different sites have to be performed in order to estimate which cells are involved 
during a given eye movement. Moreover, the peak mean firing rate, FQ, of vi-
suomovement fields for different cells occupies a range from about 50 spikes/s 
to as large as 1000 spikes/s (Fig. 7.3B). Thus, the picture emerging from these 
data is that the population activity profile shows up as a very irregularly peaked, 
large region of recruitment. Somehow, the activity of this population is weighted 
downstream in a way as to generate an accurate saccade. A simple weighting 
scheme which is directly related to the position of a cell in the motor map, as 
proposed in most models (Van Gisbergen et al., 1987; Van Opstal and Kappen, 
1993; Arai et el., 1994), may therefore not yield the correct neural code needed 
by the brainstem. 
Audiomovement fields. 
Behaviour. The overall accuracy of auditory evoked saccades was found to 
be inferior to the accuracy of visually-driven eye movements. Specifically, the 
elevation component of auditory target position was localized less precisely than 
the azimuth component (see Fig. 7.4). This feature is consistent with earlier 
reports about monkeys (Jay and Sparks, 1990) and humans ( Chapter 2, 3 and 
6), and illustrates nicely the different monaural and binaural processing stages 
underlying auditory localization (see Introduction). Especially broad-band high-
frequency auditory signals play a crucial role in the process of sound localization 
in the median plane, which depends entirely on the complex filtering properties 
of the pinnae (Blauert et al., 1983; Chapter 3). 
It is possible that, due to limitations imposed by our experimental set-up, we 
have actually underestimated the localization performance of our monkey, since 
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high-frequency echoes and acoustic shielding by the nearby recording apparatus 
and head-fixation system may have prevented a more accurate localization in the 
vertical direction. 
Neural responses. All SRBNs in this study that were recruited for saccades 
towards visual targets were also active during the audiomotor task. While the 
peak activity and total number of spikes in the motor burst for each neuron were 
considerably reduced (by almost 60%) when an acoustically driven saccade was 
made, neither the center of the movement fields nor their tuning width to motor 
error were systematically different for visual and auditory driven saccades (see 
Fig. 7.7). Based on these findings we conclude that the population of recruited 
cells was identical for both sensorimotor conditions. 
This conclusion does not seem to support an earlier suggestion that fewer col-
licular SRBNs are involved in the generation of auditory than of visual saccades 
(Jay and Sparks, 1987a). This proposal, however, was mainly based upon the 
finding that specifically visuo-movement cells with small optimal saccade vectors 
failed to be activated for auditory saccades. In our data base, the range of opti-
mal saccade amplitudes for the 22 cells, on which auditory tests were performed, 
extended from 9.5 deg onward, so that it is likely that we may have missed the 
parafoveal region where these differences arise. We noted, that auditory sac-
cades towards targets close to the fixation spot usually had much longer latencies 
and were less accurate than responses to more eccentric targets. Possibly, such 
responses are not mediated through the collicular motor map. 
Relation to memory-guided responses. It has recently been reported, that 
when monkeys make saccades towards remembered targets, the endpoints of the 
responses are endowed with a systematic upward bias (Gnadt et al., 1991; White 
et al, 1994). It was shown in a subsequent collicular recording study, that this 
vertical offset signal is not reflected in the tuning properties of DLSC neurons, 
since movement fields were shifted into the downward direction by the appro-
priate amount (Stanford and Sparks, 1994). These results therefore strongly 
suggested that a hypothetical vertical bias signal had to enter the oculomotor 
pathway downstream from the DLSC. However, it remained unclear whether the 
observed phenomena should be explained by (1) the absence of an active down-
ward offset signal which is usually generated in the regular visual stimulation 
paradigm in order to get a correct saccade response, or by (2) the introduction 
of an extra upward signal arising from a memory-related subsystem, and which 
in fact deviates the eye from its correct goal-directed trajectory. 
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In this respect, our movement field analysis of auditory-evoked eye movements 
may be of interest. Also in our experiments, auditory saccades were evoked under 
very dim background illumination, so that there were no visible cues associated 
with either the position or the timing of the stimulus. Nevertheless, we found 
that auditory movement fields were identical to the visually evoked situation. We 
therefore consider it unlikely that the upward shift in memory-guided saccades 
results from the lack of visual stimulation, but is rather the result of an upward 
bias signal. One can, however, not exclude that both the visual and the auditory 
system would provide the same subcollicular offset signals. 
Collicular output code. If one assumes that the entire population of recruited 
SRBNs fully determines the saccade vector (e.g. Lee et al., 1988), then our 
conclusion that an identical population underlies the auditory saccade, implies 
that at the level of the DLSC the saccade vector is encoded with equal accuracy 
under auditory and visual stimulation conditions. Therefore, the process of target 
specification seems to be complete at the level of the DLSC, so that the larger 
amount of scatter in auditory saccade vectors (Fig. 7.4) is attributable to auditory 
localization processes upstream from the collicular burst generator. 
It is quite remarkable, that the observed reduction of SRBN activity during 
auditory saccades by as much as 60% had a relatively small effect on the kine-
matic properties of the ensuing saccades. Large auditory evoked saccades had 
peak velocities typically in the order of 85% of their matched visually elicited 
counterparts (Fig. 7.5), whereas no systematic difference was obtained for smaller 
movements (R < 15 deg). Also, the observed day-to-day variations in the main 
sequence relations of auditory-evoked saccades were not systematically reflected 
in the firing properties of individual units. This latter finding is in line with the 
observations of Jay and Sparks (1987a), who obtained no systematic correlations 
between cell activity and associated saccade peak velocity. 
Recently, it was proposed by Waitzman et al. (1991), that a substantial frac-
tion of SRBNs (so-called 'clipped ~ ' and 'partially-clipped cells') in the DLSC 
encodes the dynamic motor error signal that is thought to drive the saccade burst 
generator in the brainstem. This hypothesis, which includes the DLSC in the lo-
cal feedback loop that guides the saccade trajectory, was based on the observed 
monotonie relation between the instantaneous spike density of clipped cells, and 
current eye motor error. However, as was pointed out by Keller and Edelman 
(1994), both saccade kinematics and collicular motor bursts are quite streotyped 
signals. Therefore, a relation between such signals is not necessarily a causal one. 
If the clipped cells in the DLSC encode dynamic motor error, the mean firing 
rate during visual and auditory saccades of equal size and direction should be 
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similar. The observed substantial decrease in collicular activity during auditory 
saccades is therefore at odds with such a one-to-one relation as proposed by Wait-
zman et al. (1991). Similarily, the multisensory-evoked increases and decreases 
in burst activity (Fig. 7.9B; see also below), often by a factor two, do not support 
the dynamic motor error code. 
Although a number of our sample of cells, recorded from in the audiomotor 
test, showed clear 'clipped' properties in their visuomotor behaviour, the mono-
tonic relation between dynamic motor error and instantaneous firing rate for 
optimal visually-evoked saccades broke down during matched auditory evoked 
eye movements. This feature is illustrated for a representative cell in Fig. 7.13. 
Note, that the two phase-plane trajectories in this figure are completely differ-
ent. A straightforward gain element in the dynamic feedback loop, which attains 
different values depending on the sensorimotor task, is unable to explain this 
discrepancy. 
Bimodal interactions. 
Relation to previous studies. The presentation of an irrelevant auditory 
stimulus in combination with a visual target had a significant effect on the inten-
sity of the saccade-related burst of a large fraction (90%) of the recorded cells. 
The firing rate of 52% of the cells increased significantly ('ME-cells'), whereas 
38% was suppressed ('MS-cells') with respect to the unimodal visual condition. 
The strength of this first-order modulation effect varied considerably from cell to 
cell. We therefore suspect that the proposed classification may be arbitrary and 
rather reflects a continuous scale of the niultisensory interaction effect. 
As was described in the Introduction, the majority of experiments involving 
multimodal integration effects in the DLSC have so far been conducted in the 
anaesthetized preparation (for extensive review, see Stein and Meredith, 1993). 
In these studies, carried out in cat (Meredith and Stein, 1986a), guinae-pig (King 
and Palmer, 1985), and monkey (Wallace et al., 1994), strong multimodal inter-
actions were found in the sensory-evoked activity of many DLSC neurons. 
The only two studies we are aware of, in which an awake animal was confronted 
with simultaneous auditory-visual stimuli, were carried out by Peck (1987) and 
Peck et al. (1995). In the latter study, in which sensory-evoked responses were 
studied under unimodal and bimodal stimulation conditions, significant effects of 
multisensory integration (enhancement and suppression) were described. Since in 
all these experiments, movement-related activity was either absent or not explic-
itly investigated, it is difficult to relate these findings directly to our experimental 
setting. 
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Although in the anaesthetized preparations qualitatively similar multisensory-
evoked effects have been observed on collicular neurons as in the present study, 
in the sense that in both types of experiments ME-cells and MS-cells were en-
countered (Meredith and Stein, 1986a; King and Palmer, 1985), clear differences 
remain. 
First, in our study the most prominent effects were observed in the saccade-
related burst of SRBNs, instead of on the sensory-related activity. Most neurons 
we recorded from did not possess a clear sensory-evoked response. Despite this 
apparent lack of sensory involvement, 90% of the neurons in our sample showed a 
bimodal integration effect on its movement-related activity. Clearly, such effects 
on movement activity cannot be directly inferred from sensory responses alone. 
The paper of Peck (1987) investigated the saccade-related activity in the 
awake cat SC resulting from bimodal stimulation. A relative shift of the saccade-
related burst was observed in the bimodal situation. A cell with a buist occuning 
after saccade onset for a unimodal visual stimulus, changed into a presaccadic 
neuron when an auditory stimulus was presented as well. No such changes in 
relative burst timing were obtained in our recordings. All neurons we encounteicd 
were presaccadic burst neurons, which retained their tight coupling with saccade 
onset under all stimulus conditions. We have no simple explanation for this 
apparent discrepancy. 
Second, apart from an effect on burst intensity, the strongest effect of mul-
timodal integration resided in the timing of the saccade-related burst. No such 
phenomenon was found in the sensory-evoked bursts of visuomovement or au-
diomovement cells. Remarkably, this effect, which is directly coupled to the 
actual initiation of the saccadic eye movement (saccade latency), was opposite in 
our two monkeys. 
Third, as is apparent from the recordings obtained from anaesthetized an-
imals, the timescales of the effects involved are quite diffeient. For example, 
multimodally-evoked sensory responses in the anaesthetized cat may last for hun-
dreds of ms (e.g. Meredith and Stein, 1986a; Stein and Meredith, 1993), whereas 
the effects reported in this study are confined to narrow time bins of a few tens 
of ms long. After 200 ms, the saccadic orienting response is usually ovei. Quite 
often, saccade-related burst intensities in the awake monkey may be very high: 
up to 1000 spikes/s extending for about 60 to 70 ms. This appears to be very 
different from the anaesthetized cat in which unimodal stimuli often evoked only 
a few spikes. In our experiments, we noted that neither the saccade-related re-
sponses, nor the sensory-evoked bursts depended systematically on the intensity 
of the applied stimulus. 
Fourth, in addition to the main effects mentioned above, in a substantial 
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number of neurons (12/50) we also obtained a weak but significant intensity 
modulation of the cell's saccade-related activity as a function of spatial stimulus 
separation. A qualitatively similar effect on the collicular sensory responses of the 
anasthetized cat was reported by Meredith and Stein (1986b). However, these 
second-order effects in our sample of neurons were almost entirely confined to 
the saccade-related activity of the SRBNs; only in one case did a sensory-evoked 
burst show a similar phenomenon. 
Neurophysiological interpretation. We believe that our data cannot sim-
ply be explained by a general arousal phenomenon for two reasons: First, such 
a hypothesis would predict only an increase of cell activity within the DLSC. 
Although roughly half of our population of neurons were indeed ME-cells, the 
existence of a substantial fraction of MS-cells cannot be explained in these terms. 
Secondly, the existence of the spatial effect in multisensory integration calls for 
a different interpretation. 
Suppose, that as a result of bimodal stimulation, the balance between the 
various inputs to a given single unit changes, leading to different burst properties. 
Since neither the firing rate of individual neurons, nor that of the entire collicular 
population seem to have a strong effect on the accuracy or kinematic properties 
of the ensuing saccade (see above), the observed redistribution of activity may 
have relatively little effect on the saccadic properties. 
It is therefore important to note that the only property of the saccadic eye 
movements that was affected by multimodal stimulation was the movement la-
tency. For unknown reasons, this latency effect appeared to be opposite for 
the two monkeys (see Results). Nevertheless, ME- and MS-cells were equally 
represented in both monkeys. The observed saccadic latency changes could be 
completely attributed to changes in the timing of the motor burst, since their 
intimate relation did not change with respect to the unimodal visual situation. 
It is also important to note, that neither the peak activity of the saccade-
related burst, nor the number of spikes, allow for an accurate prediction of saccade 
latency. Although we observed a significant negative correlation between a cell's 
optimal firing rate and saccade latency for those cells that displayed the spatial 
sensitivity effect (not shown), no such relation was apparent for the remaining 
cells. Furthermore, it is of interest that in the audiomotor task, cell activity had 
decreased by almost 60%. Nevertheless, saccade latencies for auditory targets 
were quite comparable to visually-evoked saccades. 
Thus, saccade latency appears to be fully determined by the timing of the 
collicular burst, and neither by its duration nor its intensity. Somehow, the 
changes in input signals to the motor map during bimodal stimulation must 
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render the motor map in a different state of excitability, which leads to the 
temporal shift of the saccade-related burst. 
Our finding, that some cells increase their activity (ME-cells) and others 
decrease their firing rate (MS-ceUs), may be an epiphenomenon which results 
from the change in input balance to a particular neuron, but is not predictive for 
the emergence of the saccade-related burst. This appears to be dependent upon 
the state of the entire motor map. 
The fact that the total amount of collicular activity is also irrelevant for 
determining saccade latency (see above), is not in agreement with hypotheses 
that assume that the activity in the collicular motor map needs to overcome a 
fixed inhibitory threshold in order to trigger the saccade burst generator. Rather, 
the emergence of the saccadic burst, as well as the inhibition of so-called pause 
neurons in the brainstem, may share a common initiation signal. The resulting 
strong coupling of these two events could explain the tight relation between burst 
onset of SRBNs in the DLSC and saccade latency, despite the high amount of 
variability in SRBN response properties. Possibly, cells in the rostral pole of the 
DLSC (so-called 'fixation cells'; Munoz and Wurtz, 1993), may be involved in 
this dual process. 
During a number of recordings (18/50), saccade latencies also depended on 
the spatial configuration of the visual and auditory stimuli. In both monkeys, the 
shortest latencies were always found when the visual and the auditory stimulus 
were spatially coincedent. In Chapter 6 we reported a similar spatial dependence 
of saccade reaction times. Also in this human study, the second-order spatial 
effect failed to reach significance in a number of cases. This was argued to bo duo 
to the fact that saccadic reaction times scatter considerably by nature, and that 
the modulatory effect is relatively weak. Possibly, the state of alertness of the 
subject, or attentional processes, may also play some role in this phenomenon. 
Strikingly, the spatial effect on a single-cell's activity co-occurred with a spa-
tially dependent saccade latency modulation at a highly significant rate. The 
spatial effect on neural responses was similar for the two monkeys, and irrespec-
tive of multisensory cell-type: cells were most active when stimuli wore in spatial 
register, whereas minimum activity was obtained for stimuli that were widely sep-
arated. We therefore propose that both second-order spatial effects are caused 
by the same mechanism, which is different from the first-order effect discussed 
above. If the auditory stimulus exerts a spatially dependent influence on the 
motor map, the excitability of SRBNs may change as a result. Consequentely, 
the saccade-related burst may be generated both at a shorter latency as well as 
at a higher intensity. 
In Fig. 7.14 a conceptual model is proposed that incorporates these two inech-
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Figure 7.14: 
Conceptual model of bimodal interactions in the SC. (A) Fixation neurons (FN) 
in the rostral pole receive inhibitory inputs from auditory and visual centers, lead­
ing to a disinhibition of the entire motor map, as well as to a decrease in pause 
neuron (OPN) excitation ('WHEN' system). The main effect on the motor map is 
a different timing of the SRBN motor burst, at a location specified by a spatially-
selective visual and/or auditory signal ('WHERE' system). (B) The onset of the 
motor burst is similar for visual and auditory inputs, although the peak activity 
of the latter may be much lower. (C) During bimodal stimulation, a stronger 
disinhibition of the SRBNs results in an earlier burst onset. Due to specific in­
teractions at the single-neuron level, the auditory stimulus may iiiduce. both a 
neuron-specific effect on response intensity (either enhancement or suppression). 
(D) Due to a spatial component in the FN-inhibition, that results in various levels 
of excitability of the SRBNs, spatial modulation in firing rate and burst latency 
occurs simultaneously (Modified after Munoz and Wurtz, 1993). 
anisms: (1) a spatially-selective mechanism that acts on the fixation neurons in 
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the rostral pole, leading to a general effect on the motor map, and (2) a second 
mechanism that acts directly on the SRBNs within the map. The first mecha­
nism fully determines the timing of the collicular motor burst as well as of the 
ensuing saccade ('when system'). The second mechanism encodes the metrics of 
the saccade in a topographic manner ('where system'). * 
Note that both systems may simultaneously exert an influence on the firing 
rate of a neuron. The precise value of this activity, however, seems not to be 
reflected in the actual movement. 
Concluding remarks 
In a natural and rich sensory environment, saccades must be programmed on 
the basis of cues arising from different sensory modalities and objects, that si­
multaneously compete for attention. Our experiments have hinted that slightly 
different tasks may already induce substantial differences in the firing properties 
of SRBNs in the DLSC. 
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Summary and Conclusions 
Chapters 2 & 3 
In these two chapters the experiments are described that investigate the prop­
erties of human saccadic eye movements evoked by acoustic stimuli in the two-
dimensional frontal plane. These movements proved to be quite accurate, both 
in azimuth and in elevation, provided that the sound source spectrum had a 
broad bandwidth. If the acoustic target was a tone, or if the phase spectrum was 
not random, the azimuth of the saccadic end points remained equally accurate, 
whereas the elevation of the response was related to the frequency of the tone, 
rather than to the physical position of the target. 
The audio-oculomotor system took the starting position of the eyes completely 
into account, by combining the initially craniotopic auditory code with accurate 
eye position signals. Also large drifting movements in darkness were completely 
corrected for. 
The latencies of auditory saccades depended in a radial-symmetric way 011 the 
amplitude of the eye movement, suggesting a polar coordinate origin of auditory 
saccade initiation. 
We also observed that the trajectories of auditory saccades were often sub­
stantially curved. Both a qualitative, as well as a model-based analysis showed 
that this curvature corrected for errors in the initial direction of the saccade. 
The latter analysis also suggested that the kinematic properties of auditory sac-
cades could be described by the superposition of two overlapping saccadic eye 
movements, hypothesized to be based on binaural difference cues and monaural 
spectral cues in the auditory signal, respectively. 
From these reults it is argued that, although the audio-oculomotor system Ііп.ч 
to operate in a feedforward way, it must nevertheless have access to an accurate 
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representation of actual and desired eye position. 
Chapter 4 
Controversy exists as to the amount to which the saccadic system, adapted in the 
so-called gain-shortening paradigm for a particular target configuration, trans-
fers the resulting change in saccade metrics to saccades elicited under different 
circumstances. In order to further assess this problem, the properties of human 
saccadic eye movements after visually-induced short-term adaptation under a 
variety of conditions were investigated. 
We observed that saccades both during and after the adaptation did not signif-
icantly change their main sequence properties with respect to the pre-adaptation 
baseline. Saccade velocity profiles remained normal throughout the experiment 
and no evidence was obtained that correction saccades were gradually absorbed 
in the primary saccade. 
We found that the effect of the short-term adaptation on saccade metrics is 
not confined to the particular combination of initial eye position and spatial posi-
tion of the visual target used to induce the adaptation response. Saccades elicited 
from different initial positions towards targets with the same retinotopic coordi-
nates as in the adaptation phase yield the same level of adaptation. However, 
our findings indicate that adaptation is confined to a limited range of saccade 
vectors around the oculocentric coordinates of the adaptation target ('restricted 
adaptation field'). Smaller and larger saccades are endowed with significantly 
lower adaptation values. 
Moreover, two further experiments showed that a retinal stimulus is not a 
prerequisite for adaptation to express itself: First, in a double-step experiment 
the retinal stimulus vector was dissociated from the required oculomotor response. 
A second experiment investigated the effect of visually-induced adaptation on 
auditory-evoked saccades. In both tasks the adaptation was transferred to the 
required motor response. 
Based on these findings, it is concludes that short-term adaptation is ex-
pressed at a multisensory stage, where saccadic eye movements are represented 
as desired eye displacement vectors (motor error). Possible neurophysiological 
implications are discussed. 
Chapter 5 
This chapter concerns the generation of fast goal-directed eye and hand move-
ments. More explicitely it is investigated to what extent the saccadic system 
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and the hand movement system share a common internal representation of the 
environment. 
To that means the latencies and initial directions of hand movements and sac-
cades of human subjects were studied, while they fixated and pointed as quickly 
as possible at eccentric targets which were presented unexpectedly. 
Different stimulus conditions were used in the experiments. Knowledge of 
the target position or the presence of an auditory co-stimulus slightly affected 
the reaction times of saccades in response to visual stimuli. Auditory co-stimuli 
reduced the reaction times considerably when the targets were presented after a 
delay of 200 ms after extinction of the central fixation point. Similar reductions 
were observed in the reaction times of the hand movements. However, these 
reductions were seen in hand responses to undelayed as well as delayed target 
presentations. 
The saccades were always made in the correct direction when the target was 
presented without delay. When the target was delayed about 50 % of the sac-
cades were made in the wrong direction. Even for undelayed targets the hand 
sometimes made mistakes. The number of mistakes increased to 35 % when the 
target presentation was accompanied by the sound pulse. For delayed targets the 
number of wrong hand movements was about 50 %. Nevertheless, for delayed 
targets saccades and hand movements were practically always made in the same 
direction. 
It is concluded that if visual information is available, saccades and hand move-
ments are generated independently of each other. However, if visual information 
is not present at the appropriate time and the target position has to be guessed, 
saccades and hand movements are generated on the basis of shared information. 
We suggest that saccades can be generated by two different mechanisms. One 
mechanism uses purely visual information while the other one uses visual as 
well as cognitive information. The first mechanism is exclusively used for the 
generation of saccades while the second one has a more general purpose and is 
used for the generation of saccades as well as hand movements. 
Chapter 6 
In this chapter, it is shown that human saccadic eye movements towards a visual 
target are generated with a reduced latency when this target is spatially and 
temporally aligned with an irrelevant auditory non-target. This effect gradually 
disappears if the temporal and/or the spatial alignment of the visual and auditory 
stimuli are changed. 
When subjects are able to accurately localize the auditory stimulus in two 
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dimensions, the spatial dependence of the reduction in latency depends on the 
actual radial distance between the auditory and the visual stimulus. If, however, 
only the azimuth of the sound source can be determined by the subjects, the 
horizontal target separation determines the strength of the interaction. Neither 
saccade accuracy, nor saccade kinematics were affected in these paradigms. 
It is proposed that, in addition to an aspecific warning signal, the reduction 
of saccadic latency is due to interactions that take place at a multimodal stage of 
saccade programming, where the perceived positions of visual as well as auditory 
stimuli are represented in a common frame of reference. 
This hypothesis is in agreement with our finding that often the saccades are 
initially directed to the average position of the visual and the auditory target, 
provided that their spatial separation is not too large. 
Striking similarities with electrophysiological findings on multisensory inter-
actions in the deep layers of the midbrain Superior Colliculus are discussed. 
Chapter 7 
In this chapter the first data on multimodal interactions in the deep layers of the 
Superior Colliculus of the awake monkey are presented. 
Activity was obtained from saccade related burst neurons (SRBNs) in the 
deep layers of the Superior Colliculus of two rhesus monkeys, that made saccadic 
eye movements towards visual stimuli in either a unimodal visual following task, 
or a bimodal auditory-visual task. One monkey was also trained to make saccades 
toward auditory stimuli throughout the oculomotor range. 
Auditory driven saccades were somewhat less accurate than their visual coun-
terparts and slightly different kinematic properties were observed. Meanwhile, the 
activity of the SRBNs was substantially reduced in the audiomotor task. Since 
neither the tuning width nor the location of the movement fields of these neurons 
changed between the two tasks, and all SRBNs were involved in both taks, it was 
concluded that the same population of neurons was active in the visuomotor and 
in the audiomotor task. 
In the bimodal task, the only behavioural parameter that was clearly affected 
by the presentation of the auditory distractor, was saccade latency. Aspecific 
latency changes were observed in the far majority of the experiments. In addition, 
saccade latency was modulated by the distance between the two stimuli in 36% 
of our recording sessions. 
The presentation of an irrelevant auditory stimulus in temporal proximity 
of a visual saccadic target often had strong influences on the firing properties 
of SRBNs. Both enhancement ('ME-cells') and suppression ('MS-cells') of the 
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collicular motor burst was observed. In addition, a modulation of the firing 
rate was observed, related to the spatial configuration of the auditory and visual 
stimuli, in 24% of the cells. These cells were optimally active in the bimodal 
task when both stimuli were in spatial register. However, there was a large 
covariation between the occurrence of spatial modulation in saccade latency and 
in an SRBN's movement activity. 
Under all sensorimotor conditions, the relative timing of collicular motor ac-
tivity and saccade onset remained tightly coupled. Therefore, it is hypothesized 
that two effects influence the motor burst of the SRBN during bimodal stimula-
tion: 1. A redistribution of activity over the recruited population of cells, due 
to a changing balance of inputs from various auditory, visual and saccade-related 
regions. 2. A modulatory effect that depends on the position of the auditory 
stimulus relative to the visual stimulus. 
The most prominent effect of both processes resides in a change of timing 
of the saccade-related burst, which is often, but not always, accompanied by a 
change in a cell's peak activity. This timing of the SRBN activity, rather than 
the firing rate per se, is directly expressed in the saccade behaviour as a covarying 
change in latency. 
The large differences, observed in the movement-related activity of 'clipped' 
and 'partially-clipped' SRBNs for identical saccades to targets of different sensory 
modalities, or during bimodal stimulation, do not support the hypothesis that 
these cells encode dynamic motor error. 
General Conclusions 
This thesis consists of two main topics: auditory saccade generation and multi-
modal integration. 
The studies that concern saccadic eye movements towards auditory targets 
are the first to investigate the audio-oculomotor system in two dimensions. The 
metrics, timing and kinematic properties of auditory driven saccades were studied 
systematically. Since saccadic eye movements are very fast and have relatively 
short latencies, the very early stages of sound localization ( within 250 ins after 
target onset) could be studied. 
It became clear that the performance of the saccadic system was largely de-
pendent on the spectral content of the sound signal. The properties of both the 
accuracy and kinematics could be well described if the separate neural processing 
of sound azimuth and elevation was taken into account. 
During auditory driven saccades the same population of neurons in the deep 
layers of the Superior Colliculus was active as during visually guided saccades. 
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Although the kinematic properties of both saccade types was only slightly dif-
ferent in the monkey, the activity of de collicular neurons was markedly reduced 
during auditory saccades. This is in contradiction with recent hypotheses, which 
state that these cells encode the distance from the line of sight to the saccadic 
target dynamically during saccades. 
With regard to multimodal integration, the main finding was that audiovisual 
interactions predominantely have an effect on the mechanism that governs the 
timing of the saccade. This is an important addition to the literature, since most 
studies to this topic have so far been done in anaesthetised preparations, that -
by definition - do not display any behaviour. 
The saccade latency and the timing of the presaccadic activity in the colliculus 
were equally modulated by the presence of an auditory stimulus in combination 
with the visual target. The strength of the interaction depended on both the 
spatial and temporal distance between both stimuli. 
Also the motor activity of collicular neurons could vary strongly as a result of 
the presentation of an auditory target. However, both response enhancement and 
suppression were observed in different cells. Since the exact amount of activity 
in the Superior Colliculus seems not to be of a large behavioural relevance ( see 
above), it might well be that these activity changes are a mere epiphenomenon, 
that is due to a changed input of the colliculus and a modulation of excitability 
that is necessary for the modulation of the timing of the ensuing saccade. 
The step from the standard laboritory environment with one visual target in 
darkness, to a situation in which either one acoustic target or both a visual and an 
acoustic stimulus are presented, is a relatively small one. Nevertheless the present 
study shows that many of the saccadic stereotypes can change drastically, both 
at a behavioural and at a electrophysiological level. Any model of the saccadic 
system that is also valid for the complex input patterns of 'natural environments', 
should take such variations into account. 
Samenvatting 
In dit proefschrift worden experimenten beschreven, die betrekking hebben op de 
neurale mechanismen die ten grondslag liggen aan snelle oogbewegingen ('saccades') 
naar visuele, acoustische en audiovisuele doelen. 
De hoofdstukken 2 en 3 zijn geheel gewijd aan de generatie van auditief uitgelokte 
oogbewegingen. Er wordt aangetoond dat mensen zeer nauwkeurig een saccade naar 
een auditieve ruis-bron kunnen maken. Dat is zeer opmerkelijk, omdat het audi-
tief systeem een heel andere organisatie kent dan bijvoorbeeld het visueel system. 
Allereerst is er in het auditief sensorisch orgaan, de cochlea, geen directe represen-
tatie van de ruimtelijke omgeving. Spatiele informatie moet op basis van impliciete 
informatie in het geluidsignaal door hogere neurale centra 'berekend' worden. In dit 
proces worden de horizontale ( de azimuth) en de verticale ( de elevatie) compo-
nenten van de geluidsbron-positie apart en via verschillende neurale paden verwerkt. 
Tenslotte is de auditieve informatie gecodeerd ten opzichte van de oren, terwijl visuele 
infromatie in retinale coördinaten georganiseerd is. Algemeen wordt aangenomen dat 
de saccadische oogbeweging ook in een oog-gecentreerd coördinatensysteem wordt 
gerepresenteerd. Bij auditief uitgelokte oogbewegingen moet dus de positie van de 
ogen ten opzichte van het hoofd verrekend worden. 
In tegenstelling tot visueel uigelokte oogbewegingen, bleken auditieve saccades 
vaak sterk gekromd te zijn. Verrassend is dat de krommingen alti jd 'correctief', 
d.w.z. 'naar het doel toe' , zijn. Op basis van experimentele resultaten is een con-
ceptueel model voorgesteld dat deze bewegingen beschrijft als de lineaire 'optel-
som' van twee rechte bewegingen: een eerste beweging die gericht is naar een grof 
geschatte, maar snel tot stand gekomen, auditieve doelpositie en een tweede bewe-
ging die gebaseerd is op verdere auditieve signaalbewerking en die corrigeert voor de 
te verwachten fout na de eerste beweging. 
Hoofdstuk 4 behandelt 'saccadische adaptatie'. Door een veel in de literatuur 
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toegepaste experimentele truc te gebruiken werd ervoor gezorgd dat proefpersonen 
te kleine saccades naar een bepaald visueel doel gingen maken. Een dergelijke 'adap-
tatie' treedt op als het visuele doel steeds een klein stukje wordt verplaatst terwijl de 
proefpersoon bezig is met zijn doelgerichte saccade. Onderzocht werd welke andere 
typen saccades door dit paradigma beïnvloed werden. Dit bleken alleen saccades met 
een gelijke grootte en richting als de geadapteerde beweging te zijn, ongeacht of 
het doel visueel of auditief was en ongeacht waar het oog startte met de beweging. 
Bovendien toonden we aan dat het 'veld' van geadapteerde saccades een veel beperk-
ter omvang heeft dan algemeen in de literatuur wordt aangenomen. Alle saccades 
buiten dit adaptatieveld adapteerden niet. 
In de discussie van dit hoofdstuk wordt beargumenteerd dat zo'n adaptatie proces 
waarschijnlijk in een oculocentrische motor-kaart in het brein moet plaatsvinden. 
Zulke kaarten zijn onder andere te vinden in de Superior Colliculus (zie verderop), 
maar ook in andere, hogere, hersengebieden. 
In Hoofdstuk 5 wordt de coördinatie van snelle arm- en oogbewegingen onder-
zocht. Op verschillende manieren werd de reactietijd in een visuele aanwijstaak van 
arm en oog gemanipuleerd ( voorkennis over de plaats van het doel, variatie in het 
moment van aanbieden van het doel ten opzichte van het doven van een fixatie spot, 
en het aanbieden van een auditieve co-stimulus tegelijk met het visuele doel). 
Het blijkt dat de arm- en oogbewegingen slecht met elkaar correleren, zowel 
in timing als in startrichting. Pas als de proefpersoon de doelpositie gaat gokken, 
worden de bewegingen sterk gecorreleerd. Hieruit wordt geconcludeerd dat er een 
taakafhankelijkheid zit in de oog-hand coördinatie. 
Hoofdstuk 6 en 7 gaan over het proces van 'sensorfusie'. Sensorfusie (ook wel 
multimodale integratie genoemd) is het proces waarbij informatie uit verschillende 
sensorische bronnen ( in concreto het visueel en het auditief systeem) gecombineerd 
wordt in het brein om tot een coherent en 'beter' (d.w.ζ scherper, sneller) beeld van 
de omgeving te komen. 
In hoofdstuk 6 worden gedragsexperimenten beschreven waarbij mensen oogbe­
wegingen naar visuele doelen moesten maken terwijl er tergelijkertijd een auditieve 
bron werd aangeboden die genegeerd moest worden. Het bleek dat de proefpersonen 
een kortere reactietijd nodig hadden om het visuele doel te fixeren als er op dezelfde 
positie ook een geluidsbron werd aangeboden. Naarmate het visuele doel en de au­
ditieve stoorbron verder uit elkaar gepresenteerd werden, nam deze facilitate van 
reactietijden af. 
Een vergelijkbaar experiment werd ook gedaan met rhesus-apen ( Hoofdstuk 7). 
Hier traden dezelfde gedragseffecten op. Tijdens het uitvoeren van de oogbeweg-
ingstaak werd bij de apen de neurale activiteit in de diepe lagen van de Superior 
Colliculus (DLSC) gemeten. De DLSC vormen een hersenkern die sterk betrokken is 
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bij het maken van saccades. Een groot deel van de cellen in de DLSC bleek grote 
activiteitsveranderingen te ondergaan als er audiovisuele in plaats van puur visuele 
doelen werden aangeboden. Een deel van deze cellen werd actiever, terwijl andere 
juist minder actief werden. De positie van het auditieve niet-doel ten opzichte van 
het visuele doel bleek er ook hier toe te doen. Cellen waren het meest actief als beide 
bronnen op de zelfde positie aangeboden werden. Dit spatiele effect trad alleen op als 
de spatiele reactietijd-modulatie ook optrad ( zie boven). Beide effecten lijken dan 
ook een gemeenschappelijke oorzaak te hebben. Sensorfusie is een proces, dat vooral 
een effect heeft op de timing van neurale en gedrags-processen. De effecten die te 
zien zijn in de vuurfrequenties van individuele cellen in de DLSC lijken geen invloed 
te hebben op de gedragsparameters van saccades. Dit gegeven is in strijd met een 
aantal recent in de literatuur voorgestelde modellen voor de rol van de DLSC bij de 
sturing van saccades. 
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